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Wearable sensors have garnered considerable interest because of their potential for
various applications. However, much less has been studied about the Stretchsense pressure
sensor characteristics and its workability for industrial application to prevent potential risk
situations such as accidents and injuries. The proposed study helps investigate Stretchsense
pressure sensors' applicability for measuring hand-handle interface forces under static and
dynamic conditions. The BendLabs sensors - a multi-axis, soft, flexible sensing system was
attached to the wrist to evaluate the wrist angle deviations. In addition, the StretchSense stretch
sensors were attached to the elbow joint to help estimate the elbow flexion/extension. The
research tests and evaluates the real-time pressure distribution across the hand while performing
given tasks and investigates the relationship between the wrist and elbow position and grip
strength. The research provides objective means to assess the magnitudes of high pressures that
may cause pressure-induced discomfort and pain, thereby increasing the hand's stress. The
experiment's most significant benefit lies in its applicability to the actual tool handles outside the
laboratory settings.
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CHAPTER I
INTRODUCTION
1.1

Introduction to Work-Related Musculoskeletal Disorders
Work-related musculoskeletal disorders (WMSDs), referred to as work-related repetitive

stress or overuse injuries, have accounted for a significant proportion of work injuries and
workers’ compensation claims since the late 1980s. The extent to which manual work is a causal
factor in developing such disorders is still the subject of much controversy. Musculoskeletal
disorders (MSDs), also known as ergonomic injuries, occur when the body uses muscles,
tendons, and ligaments to perform tasks, often in awkward positions or in frequent activities that
can create pain and injury over time. Overexertion and repetitive motion have been considered
primary contributors to ergonomic injuries. According to the United States Bureau of Labor
Statistics, musculoskeletal disorders include cases where the nature of the injury or illness is
pinched nerve; a herniated disc; meniscus tear; sprains, strains, tears; hernia (traumatic and
nontraumatic); pain, swelling, and numbness; carpal or tarsal tunnel syndrome; Raynaud's
syndrome or phenomenon; musculoskeletal system and connective tissue diseases and disorders,
when the event or exposure leading to the injury or illness is overexertion and bodily reaction,
unspecified; overexertion involving outside sources; repetitive motion involving microtasks;
other and multiple exertions or bodily reactions; and rubbed, abraded, or jarred by vibration
(Injuries, Illnesses, and Fatalities: Occupational Safety and Health Definitions, 2016).
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Among the industry sectors, workers in manufacturing and construction face the highest
risk of occupational injuries and illnesses. The Survey of Occupational Injury and Illnesses
(SOII) collects data for MSDs on cases involving days away from work (DAFW). According to
the SOII (2020), 1,176,340 non-fatal injuries and illnesses were recorded that caused a private
industry worker to miss at least one day of work. Of these, 390,020 cases (33.2%) were
characterized as other diseases due to the viruses not elsewhere classified, which includes
reported COVID-19 pandemic related illnesses. However, out of the remaining 786,320 non-fatal
occupational injury and illnesses cases, the manufacturing industry accounted for about 135,900
cases (17.3 percent) of all private industry occupational injuries and illnesses involving days
away from work. Injuries and illnesses to manufacturing workers resulted in 29,620 DAFW (22
percent) cases of sprains, strains, or tears; 14,190 cases of soreness or pain (10.5 percent); and
13,810 cases involving cuts, lacerations, or punctures (10.2 percent) (Table 1.1). Most two
prevalent causes of injury and illnesses involving days away from work include overexertion and
bodily reactions and slips, trips, and falls (Figure 1.1). Owing to illness cases related to COVID19, the leading cause of injury and illnesses in 2020 was exposure to harmful substances or
environments, which otherwise ranked as the sixth cause for the previous year.

2

Table 1.1

Number of non-fatal occupational injuries and illnesses involving days away from
work by industry and selected nature of injuries and illnesses, private industry,
2020
Industry

Total Cases

Sprains, strains,
and tears

Soreness,
pain

Cuts, lacerations,
punctures

Construction

74,520

20,640

14,190

9,840

Manufacturing

135,900

29,620

15,940

13,810

Good Producing

233,150

54,950

34,280

25,390

https://www.bls.gov/iif/oshwc/osh/case/cd_r1_2020.htm

Figure 1.1

Occupational Injuries involving Days Away from Work, 2020

https://www.bls.gov/iif/soii-data.htm

Ten occupations accounted for 33.2 percent of all private industry cases involving days
away from work in 2019 (Figure 1.2). The Bureau of Labor Statistics’ SOII (2019) provided a
3

list of occupations with the most workplace non-fatal injuries and illnesses. The data from this
survey also showed that job-related injuries were far more common than job-related illnesses,
and, for the most part, the occupations with the most injuries were also those with the most
illnesses. According to the list of occupations, the Bureau of Labor Statistics SOII (2019) and
(2020) indicate manufacturing and construction as one of the top 10 most dangerous occupations
for workers. The workplace injury statistics for 2019 indicated 395,300 manufacturing
workplace injuries, 35,000 manufacturing workplace illnesses, 195,600 construction workplace
injuries, and 3,600 workplace illnesses (Figure 1.2 and Figure 1.3) (Employer-Reported
Workplace Injuries and Illnesses – 2019, 2020; Fact Sheet | Occupational Injuries and Illnesses
Resulting in Musculoskeletal Disorders (MSDs) | May 2020).

Figure 1.2

Incidence rates of cases involving days away from work for occupations in private
industry, 2018-2019

4

Figure 1.3

Number and rate of non-fatal work injuries in detailed private industries, 2020
Image Source : U. S. Bureau of Labor Statistics

WMSDs include a wide range of inflammatory and degenerative diseases and disorders,
leading to functional impairment affecting the neck, shoulder, forearms, elbows, wrist, and
hands. DAFW for MSDs in the private industry accounted for about 21% of total recorded cases
in 2020. Chronic upper-limb musculoskeletal disorders, also known as repetitive strain injuries
5

(RSI) or cumulative trauma disorders (CTD), create many challenges such as (a) diagnosing and
treating them, (b) establishing their relationship to the activity, and (c) generating a growing
population of workers with reduced working capacities. Today, upper limb WMSDs (ULWMSDs) are the most common form of occupational disease in the United States and other parts
of the industrialized world. As the World Health Organization defines, the number of workers
with impairment or disability, therefore with a reduced working capacity, is ever-increasing
(Putz-Anderson, 2017). New and highly innovative standards in physical ergonomics are
explicitly aimed at protecting the healthy adult working population and their capabilities
(Colombini & Occhipinti, 2006).
Conversely, much less tangible attention is given to the workforce members affected by
minor physical disabilities, such as UL-WMSDs (Colombini & Occhipinti, 2006). UL-WMSDs
are painful and potentially disabling conditions that affect the hand, arms, shoulder, and neck.
Hagberg & Wegman (1987) presented a study to evaluate the association and impact of
occupational exposure and found that material handling and force/torque exertion with humanpowered hand tools accounted for approximately 45% of all industries overexertion injuries in
the U.S. (Hagberg & Wegman, 1987). Bao et al. (2020), through their analyses of 432 job
evaluations, showed that high hand/wrist repetitions, high hand force, and awkward hand
postures were identified as major contributing factors by the injured workers in manufacturing
industries (Bao et al., 2020). Similarly, a study conducted by Ma et al. (2018) aimed to estimate
the prevalence of upper extremity WMSDs among total U.S. workers by analyzing data from the
National Health Interview Survey Arthritis supplements (2006, 2009, and 2014). Among the
adult workers (aged ≥ 18 years) in the U.S., overall, 8.23% (approx. 11.2 million U.S. workers)
were reported having at least one upper extremity WMSDs, with 2.23% (approximately 3.0
6

million) having work-related elbow musculoskeletal disorders, 2.23% (approximately 3.0
million) having work-related wrist musculoskeletal disorder, and 2.46% (approximately 3.3
million) having work-related hand/fingers musculoskeletal disorders (Ma et al., 2018).
Manufacturing and construction jobs are frequently characterized as highly repetitive and
forceful, involving a high level of mechanical stressors, and increased risk of upper extremity
CTDs such as tendonitis, tenosynovitis, ulnar nerve entrapment, epicondylitis, DeQuervain’s
disease, and carpal tunnel syndrome (Armstrong et al., 1982; Armstrong et al., 1986; Moore et
al., 1991; B A Silverstein et al., 1986). Force refers to the muscles' effort and the amount of
pressure on body parts because of the different job demands. All work tasks require workers to
use their muscles to exert some level of force. However, when a task requires them to exert a
level of force that is too high for any muscle, it can damage the muscle or related tendon, joints,
and other soft tissue (Sjøgaard et al., 2000). The growing use of high-speed assembly line
techniques has increased the number of individuals exposed to highly repetitive, intensive hand
activities and has contributed significantly to the increase of CTDs reported in many industries.
Several epidemiological studies have identified awkward hand postures and highly dynamic
wrist motions to have a strong positive association with the prevalence of hand and wrist
disorders (Armstrong & Chaffin, 1979; Marras & Schoenmarklin, 1993; Schoenmarklin et al.,
1994). Research conducted by Gallagher & Heberger (2013) explains epidemiological evidence
of MSD risk for various levels of force and repetitions in the fatigue failure model (Figure 1.4).
Highly repetitive tasks lead to fatigue, tissue damage, and eventually pain and discomfort, but
discomfort and tissue damage can occur even if the force is low, and the posture is not awkward
(Gallagher & Heberger, 2013).
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Figure 1.4

1.2

Force × Repetition quadrants superimposed on a fatigue failure curve (Gallagher &
Heberger, 2013)

Research Objective
Workers who perform activities constituting frequent and forceful hand movements in the

industrial sector have been susceptible to CTDs. One of the major research gaps in the study of
occupational hand/wrist CTDs is the lack of quantification of the relationship between kinematic
risk factors such as wrist angles, quantifying forceful exertions, repetitions, and CTD risks. The
proposed study aims to measure the contact forces imposed by the hand on the handle under
static and dynamic conditions using StretchSense pressure sensors. The study explores the
feasibility of applying soft sensors to commonly used single-handed powered and non-powered
tools. The overall objective of this research is to determine a method to quantify the grip forces
at the handle-hand interface of the instrument as well as the wrist deviations, using the
StretchSense sensors (pressure sensors and stretch sensors) and BendLabs sensors, due to the
8

high dependency of health risk associated with exposure of the human hand and arm to the hand
force.
There are two possible methods to measure the contact force exerted at the interface
between a human hand and a contacted object: (1) by embedding a strain gauge or a force sensor
in the object, and (2) by inserting a wearable sensor in between user’s finger pads/ palmar region
and object. The advantage of the former method is that it permits precise measurements
depending upon the sensor resolution and accuracy. However, the disadvantage is that the
experimenter must develop custom-made apparatus for each experiment. Moreover, the contact
surface needs to be hard enough to allow pressure to be applied to the sensing element. The latter
method can be applied in various experiments, provided the sensor placed in the interface is
firmly fastened. Additionally, if there is an issue with the data collection for the second method,
the experimenter can swap it out with another sensor and proceed with the research. We prefer
the second method for data collection for the given study because non-embedded sensors are a
one-time purchase, resulting in significant cost-saving for ongoing and future projects.
The various sensing equipment used for the study include:
•

StretchSense Pressure sensors: The pressure sensor works by changing
capacitance when applying pressure. These sensors work on the principle of a
deformable parallel plate capacitor model, wherein an increase of the capacitance
can be correlated to an applied pressure (Lao et al., 2019).

•

StretchSense Stretch sensors: The stretch sensors are flexible capacitors whose
capacitance value changes due to the sensor deformations such as stretching or
squeezing, providing feedback on the joint orientation.

9

•

BendLabs two-axis bend sensor: The two-axis bend sensor provides a differential
capacitance measurement that is linearly proportional to the angular displacement
of the sensor in the orthogonal plane, allowing the sensor to produce repeatable
angular output.

•

Surface electromyography: Surface electromyography (sEMG) is performed by
placing the electrodes on the skin surface of the muscles to be tested. The sEMG
sensors measure the microvolt level electrical signals (muscle activity) created
within the muscles from the body's surface.

•

Motion Capture System: The three-dimensional motion capture system provides
real-time recordings of movements of the object and people. The motion capture
system also provides real-time computation and feedback of joint forces and
moments. The system is designed to synchronously collect data in real-time from
hardware, including event markers and EMG sensors, making the data
immediately available for graphical displays of all data outputs and 3D computer
graphics and subject animations.

Knowledge of grip force associated with hand tool use is necessary to identify high-risk
techniques. The information is vital in analyzing the relationship between force exposure and
injury and the variability of individual responses to exposure (Boles et al., 2000). Measurement
of wrist kinematics is used in rehabilitation, medicine, and ergonomics. Alongside estimating
grip forces, estimates of the wrist’s dynamic capabilities/ range of motions (flexion, extension,
radial, and ulnar deviations) can help to assess whether an industrial job can be physically
executed by a worker and evaluate the risk of cumulative trauma disorders from highly repetitive
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and hand-intensive jobs (Brigstocke et al., 2013). Several soft robotic wearable devices have
been developed for measuring wrist kinematics. However, the devices’ portability and
compliance make it hard to be used for wearable applications to measure precise and repetitive
wrist motions. BendLabs, soft angular displacement sensors, provide a unique alternative to the
existing sensor technology for measuring wrist flexions/ extensions and deviations. A
quantitative bi-axial wrist motion monitoring using BedLabs sensors would help estimate wrist
capabilities to assess whether an industrial task/job can be physically executed by a worker and
help evaluate the risk of CTD from highly repetitive hand-intensive jobs.

Study 1: Comparing values of the pressure sensos to dynamometer and surface
electromyography (sEMG) values under static conditions.
This chapter aimed to test the feasibility of the StretchSense pressure sensors for
measuring the hand-handle interface forces. Very little has been studied about the StretchSense
pressure sensor characteristics and its workability for industrial applications. There have been
several studies that have estimated grip force by integrating piezoresistive-based sensors into the
gloves. However, these sensors suffer from significant hysteresis and drift and thus are not
dependable for long-time-scale measurements. Additionally, these sensors require considerably
larger pressure for reliable measurements (Alberto et al., 2018; Ferguson-Pell et al., 2000; Yun et
al., 1992). The capacitive pressure sensors have been shown to have comparatively low
hysteresis, good repeatability, and a simple design for use in array configuration measuring
pressure distribution (Lao et al., 2019). The study helped us understand and validate sensor
linearity for the applied hand forces against the dynamometer at various dynamometer handle
sizes. The study aided us in realizing the sensor behavior, characteristics, distribution of
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localized pressure peaks, and resultant contact forces over the hand surface area through
measurements performed under various handgrip forces for varying handle sizes of the
dynamometer. The data from the pressure sensors, dynamometer, and sEMG was statistically
analyzed using linear analysis to determine the relationship between the pressure sensor outputs
and sEMG. The values obtained through sEMG helped evaluate biomechanical characteristics,
including localized muscle activity and fatigue (Finneran & O’Sullivan, 2013).

Study 2: Evaluating grip forces in dynamic conditions to explore pressure sensor’s
practicability for application to single-handled tools
This chapter contributed to investigating the hand-handle interface forces under dynamic
conditions. The experiment evaluated the sensors' applicability for measuring grip forces when
coupled with frequently used power tools such as a cordless drilling machine, hammer, and wire
crimper. A simulation of industry tasks was conducted using the mentioned tools, with three
trials for each instrument for a given period. The experiment helped test and evaluate the realtime pressure distribution across the hand while performing the assigned tasks. The experiment
provided an objective means to assess the magnitudes of high forces that may cause pressureinduced discomfort and pain, thereby increasing the stresses imposed on the hand.

Study 3: Evaluating wrist deviations using BedLabs and elbow flexions using stretch
sensors.
Alongside repetitive tasks, grip forces, and wrist postures being responsible for the onset
of CTDs in industrial workers, angular deviations of wrists and motions also increase the risk of
CTDs in industrial workers. Wrist deviations also affect grip strength (Berger, 1996; Kane et al.,
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2014; Lamoreaux & Hoffer, 1995; Liao, 2014; Ryu et al., 1991). The BendLabs sensors were
placed on the hand's dorsal side of the participants’ hands to collect wrist deviation data while
simulating the industrial task. The flexible two-axis bidirectional BedLabs sensor measured two
angles in the orthogonal plane for 3D orientation. The low power integrated analog front end of
the sensor with an I2C interface helped provide angular data in degrees. Simultaneously, a
StretchSense stretch sensor was placed at the elbow of the participants to evaluate elbow
movements with the wrist in neutral and extension positions. The sensor placement at the elbow
aided us in determining the elbow position's effect on grip strength.
1.3

Relevance to Industry
Wearable technology is moving forward, providing real-time data and allowing

immediate feedback to workers and employers about a potentially hazardous condition or
situation. The wearable sensor technologies are already in use for monitoring workers postinjury, but wearable sensors for preventing injuries and treatments are still in the proof-ofconcept stage. Unlike conventional approaches, wearable sensor systems enable convenient,
continuous, and unobtrusive monitoring of a users’ behavioral signal. Even though wearable
haptic interfaces are now widely used in laboratories and research centers, their use still remains
underexploited. The current study provides spatiotemporal grip force analysis, which can
monitor health data, industrial or exercise activities, and several other performance data
involving grip force measurements.
In any given industry, the determination and measurement of hand-handle interface
forces are vital for assessing the hand transmitted contact stress and musculoskeletal loads. The
low-cost and flexible sensors could be conveniently applied to the curved surfaces of real tool
handles in the field to measure the handgrip and the forces exerted on the palm and the fingers.
13

The most significant benefit of the sensors lies with their minimal costs and applicability of the
actual tool handles. Using the data signals collected from the sensors, employers may also be
able to predict hazardous situations and enhance accident/injury prevention measures. One of the
essential goals of workers' compensation is to prevent an injury before it occurs. If wearables can
identify and mitigate risks in real-time—before a worker is injured—it could transform the world
of loss control and, most importantly, change workers' lives.
1.4

Relevance to Technical Field
The StretchSense capacitive sensors utilize a dielectric electroactive polymer (DEAP)

compression sensing element, which is soft and highly precise, to measure forces between the
human body and objects. A major advantage of the DEAP parallel plate construction is its
simplicity and resistance to failure under many loading cycles. Stretch sensors have been
evaluated by several performance parameters such as stretchability, sensitivity, linearity,
hysteresis, drift, response time, dynamic durability, and overshooting behavior. The Stretchsense
capacitive sensors exhibit high stretchability, low sensitivity, and good linearity (Cai et al., 2013;
Liu & Choi, 2014; Yamada et al., 2011; Yao & Zhu, 2014). Additionally, capacitive sensors
have improved hysteresis and response times compared to resistive sensors, which is valuable for
wearable applications where sensors undergo dynamic strains. Dynamic durability and drifting,
investigated over time, show a good performance of the capacitive sensors, with the capacitive
sensors exhibiting a smaller overshooting behavior than the resistive sensors (Cai et al., 2013;
Yamada et al., 2011).
A merit of using capacitive sensing is the stability of sampling rates largely independent
of experimental setup conditions. When implemented in an array of individual sensor units, the
capacitive soft sensors are suitable for large and arbitrary area sensing, even for surfaces that can
14

change dimensions (Yamada et al., 2011). The simple and robust sensor system is very
convenient for integrating/onto instruments and wearable garments to monitor human body
activities and parameters. The sensors would provide an efficient and cost-effective alternative to
large-scale setups designed to use in laboratory settings. A system equipped with non-invasive,
lightweight, and unobtrusive capacitive wearable sensors can be a viable diagnostic tool for
monitoring important physiological and kinematic activities in real-time, allowing prompt
computerized feedback and data acquisition. The project's long-term goal includes developing
sensorized gloves and compression sleeves that can be used to easily detect human kinetics and
kinematics in an out-of-lab setting, just like the compression socks being developed currently at
Mississippi State University (MSU). Data viewed in real-time can be beneficial to get insights
into an individual's biomechanical data, help assess performances and provide valuable
guidelines for coaching and injury prevention.
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CHAPTER II
BACKGROUND, LITERATURE REVIEW AND PILOT STUDY
In cognitive ergonomic research, user load or fatigue in using an instrument has been
evaluated using eye motion tracking and wearable acceleration sensors (Stefana et al., 2021).
There is still much interest in measuring physical input in physical ergonomics using a humanwearable interface, such as contact force applied by the user. For product development purposes,
the anatomy of the hand and wrist, the type of grips and prehensions, and the amplitude and
variation of the contact forces during actual use of the product can be an index of usability
(Reinvee & Jansen, 2014; Stefana et al., 2021; Yao et al., 2019). The first part of the chapter
describes the anatomy of grip, including different types of grips and anatomical structures
involved.
Furthermore, research shows that grip strength can predict muscular endurance and
overall strength (Trosclair et al., 2011). The latter part of the chapter provides an overview of the
current state of the art in grip studies and grip force profiling, enlisting research currently
devoted to the area. However, many technological aspects remain to be optimized in wearable
sensor technology, with new methods for data analysis and knowledge representations being
essential.
2.1

Anatomy of the Hand and Wrist
The human hand is an exemplary apparatus with two major features: a mechanical aid to

exert force on the environment and a sensory organ retrieving information about the world
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external to the body. These two features are interrelated and cannot operate isolated from each
other. Hand tools are devices that extend the capability of the hand. Understanding the human
hand and forearm's basic anatomy and functioning is essential to understanding the hand-handle
interface. The wrist is divided into three major joint regions: distal radioulnar, radiocarpal and
midcarpal. The bones comprising the wrist include distal ends of the radius and ulna, eight carpal
bones, and a proximal base of five metacarpal bones. The eight carpal bones are scaphoid,
lunate, triquetrum, pisiform, trapezium, trapezoid, capitate, and hamate. The metacarpal bones
are named by convention numerically, with the thumb being referred to as the first metacarpal.
The wrist ligaments are named for their most prominent bony connections. They can be
categorized as distal radioulnar ligaments, palmar radiocarpal ligaments, ulnocarpal ligaments,
dorsal radiocarpal ligaments, and palmar midcarpal ligaments, dorsal midcarpal ligaments, and
interosseous ligaments (proximal-row and distal-row). The wrist, an ellipsoidal synovial joint,
allows for movements along two axes. The muscles of the forearm perform all the movements of
the wrist. The wrist joint movements include palmar flexion, dorsiflexion (extension), ulnar
deviation, and radial deviation. Combinations of palmar flexion/dorsiflexion and ulnar/radial
deviations produce circumduction (Boles et al., 2000; Levangie & Norkin, 2011).
The functional range of motions of the human wrists for several activities of daily living
has been further studied by several researchers (Berger, 1996; Brigstocke et al., 2013; Ryu et al.,
1991), and the mean maximal range of motion values for an individual are:
• Wrist extension: 48° (standard deviation of 10.6°)
• Wrist flexion: 84° (standard deviation of 8.6°)
• Ulnar deviation: 49° (standard deviation of 4.7°)
• Radial deviation: 16° (standard deviation of 5.9°)
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• Flexion-extension plane: 132° (standard deviation of 11.9°)
• Radial ulnar deviation plane: 65° (standard deviation of 4.2°)
Muscles in the forearm control the wrist movements. The body of each muscle is located
proximally in the forearm, and the tendons extend distally across the wrist joint. The following
table shows movements of the wrists alongside the muscles involved in those movements
(Norris, 2011):
Table 2.1

Movements of the wrist and the muscles involved in those movements.

Movements of the Wrist

Muscles of the Wrist

Flexion

Flexor carpi radialis
Flexor carpi ulnaris
Palmaris longus
Flexor digitorum superfiicialis
Flexor digitorum profundus
Flexor pollicis longus
Extensor carpi radialis longus
Extensor carpi radialis brevis
Extensor carpi ulnaris
Extensor digitorum
Extensor indicis
Flexor carpi ulnaris
Extensor carpi ulnaris
Abductor pollicis longus
Flexor carpi radialis
Extensor carpi radialis longus
Extensor carpi radialis brevis

Extension

Ulnar Deviation
Radial Deviation

2.2

Prehension and Types of Grips
According to Norris (2011), prehension can be defined as the application of functionally

effective forces by the hand to an object for a task, given numerous constraints. The human hand
has a variety of ways to grasp objects stably. Nevertheless, there are constraints on how the hand
can be postured and the potential success of a chosen posture (Casanova & Grunert, 1989).
These include both functional constraints and physical constraints. Functional constraints refer to
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how the object will be used in a task, while physical constraints include the object's properties,
forces (gravity and friction), and properties of the arm and hand (Casanova & Grunert, 1989;
Chao et al., 1976). Prehension activities of the hand involve grasping or taking hold of an object
between any two surfaces in the hand, with the thumb participating in most but not all
prehension tasks. There are numerous ways that objects of varying sizes and shapes may be
grasped, with strategies also varying among individuals. Consequently, the nomenclature related
to these functional patterns also varies (Chao et al., 1976). Prehension can be categorized as
either power grip or precision handling, each of these two categories having subgroups that
further define the grasp.
•

Power Grip:

Power grip is generally a forceful act resulting in flexion at all finger joints. When the
thumb is used, it acts as a stabilizer to the object held between the fingers and, most commonly,
the palm. The fingers in a power grip usually function in concert to clamp on and hold an object
into the palm. The fingers assume a position of sustained flexion that varies in degree with the
object's size, shape, and weight. The palm is likely to contour to the object as the palmar arches
form around the object. The thumb may serve as an additional surface to the finger-palm vise by
adducting against the object (Landsmeer, 1962). Power grip is the result of a sequence of (1)
opening the hand, (2) positioning the fingers, (3) bringing the fingers to the object, and (4)
maintaining a static phase that constitutes the grip (Long et al., 1970). When the thumb is
involved, it generally is adducted to clamp the object to the palm. The four types of power grip
include cylindrical grip, spherical grip, hook grip, and lateral prehension (Casanova & Grunert,
1989; Landsmeer, 1962).
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•

Precision Grip:

Precision handling, in contrast to power grip, is the skillful placement of an object
between fingers or between finger and thumb, and the palm is not involved. Precision grip is the
result of a sequence of (1) opening the hand, (2) positioning the fingers, and (3) bringing the
fingers to the object but does not contain a static phase at all (Levangie & Norkin, 2011). The
positions and muscular requirements of precision handling are more variable than those of power
grip, require much finer motor control, and are more dependent on intact sensation. The thumb
serves as one “jaw” of what has been termed a “two-jaw chuck”; the thumb is generally abducted
and rotated from the palm. The second and opposing “jaw” is formed by the distal tip, the pad, or
the side of a finger. When two fingers oppose the thumb, it is called a three-jaw chuck (Harty,
1971). The three varieties of precision handling are pad-to-pad prehension, tip-to-tip prehension,
and pad-to-side prehension. Each grip type tends to be a dynamic function with relatively static
holding (Levangie & Norkin, 2011).
2.3

Literature Review
Database Selection:
Since the manufacturing and construction ergonomic environment is so vast, a review

was done to identify existing studies exploring pressure sensors' role in measuring grip forces
imposed by hand on the handle surfaces when using power tools. When compared with much
research on wearable technologies in various areas of activity recognition and detection, clinical
diagnosis, and remote healthcare applications, only a few studies consider the application of
wearable sensors to estimate handgrip forces in human-machine interface systems from an
ergonomic point of view. The review was conducted using a method proposed by Preferred
Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA – Figure 2.1). The scope
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of the review was not limited to manufacturing but extended to the construction industry and
rehabilitation. A search was conducted on Google Scholar and EBSCO Library using keywords
and logical operations (AND/OR) to capture the maximum number of studies currently available.
The full-text reading was done when titles and abstracts offered adequate information.
Keyword Search:
A search was conducted using keywords and logical Boolean operators(AND/OR). The
keyword search was intentionally kept broad to capture the maximum number of
available studies. The final keyword search is as follows:
[(instrumental tool-handles to measure grip forces in manufacturing) OR (construction)
OR (Rehabilitation)]
AND
[(Wearable sensors for grip force measurement) OR (Wearable sensors for hand-handle
interface force measurement)]
AND
[(wearable sensors) OR (pressure sensors) OR (Stretchsense) OR (compression sensors)
OR (tactile sensors) OR (sensors grids)]
AND
[(surface EMG) OR (Intramuscular EMG)]

The keyword search to understand the muscle structures and functions of the hand-arm
during gripping actions included numerous words and their combinations. The keywords used
were as follows:
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[wrist extension. wrist flexion, grip force, grip force vectors, hand and forearm anatomy,
load force, power grip, pinch grip, hand size, handle size, normative grip span, prehension,
muscle fatigue, grasp taxonomy, maximum voluntary contraction, repetitive strain injuries,
tenodesis, muscle fatigue, grip endurance, grip strength, grip pressure distribution, wrist position,
hand force, handle design, wrist motions, hand-arm biodynamic response, cumulative trauma
disorder, finger forces, finger pressure distribution]
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Figure 2.1

PRISMA Flow Diagram
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2.4

Title, Abstract and Paper Review:
No study was excluded based on the year or geographical locations of the study

conducted. The search was expanded to “Apply equivalent subjects” and “Apply related words.”
The total number of studies identified through database searching was 24805. The search was
further limited to published journals, journal articles, and books, and filters were applied to avoid
duplications between databases. The papers/articles were filtered to exclude non-manufacturing,
non-construction, and articles unrelated to sensor implementations. A title review of 1066 search
results was conducted, and articles nonrelative to manufacturing, construction, and sensor
integrations and implementation were excluded. An abstract review was conducted following the
title review to assess the eligibility of the articles. The search was further filtered only to allow
articles in the English language, excluding studies involving lower extremities and other body
parts, infants, research related to the application of sensors for video games and robotic arms,
Parkinson’s disease, heart ailments, disabled populations, and healthcare. The search was further
limited to published journals, journal articles, and books, and filters were applied to avoid
duplications between databases. Articles were excluded wherein wearable devices were not used
in grip force measurements, risk assessments, work activities, movement analysis, or
instrumental approaches were not used. A total of 41 articles were included in the review for
instrumented tool handles. With only three articles obtained from the EBSCO Library, the
articles included in the study comprise articles published in the EBSCO Library and Google
Scholar. However, none of the articles in the abovementioned research studies have used
StretchSense pressure sensors as wearable sensors for measuring the grip forces under static and
dynamic conditions.
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Alongside reviewing articles providing description and functioning of wearable sensors
for quantitative biomechanical risk assessments, with attention to hand-held dynamometers,
surface electromyographs, and grip force assessment devices, some other articles relative to
neuromuscular, biomechanical, physiological functions and anatomy of hand and arms during
gripping/grasping tasks were also reviewed. These studies were necessary to study prehensile
tasks' grip actions and wrist forces. Some experiments have used sEMGs to measure the
electrical activity of the muscles involved in the hand and arm movement, which is an important
component of the research for measuring the behavior of the muscle. Thereby, a total of 41
articles were reviewed. A summary of the articles identified after an in-depth review is presented
in Table 2.2 below:
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Table 2.2
Author

Summary of the articles reviewed
Title

(Hazelton et al., The influence of
1975)
wrist position on
the force produced
by the finger
flexors

Tests Conducted

Critical Findings

The study describes the design
and instrumentation.
Procedures and results of a
study of the influence of wrist
position on the forces
produced by the finger flexors
at the middle and distal
phalanges.
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Elements that can be
incorporated/ related to
the dissertation
The study suggests that the
Factors contributing to
percentage distribution of the force pattern and
total force produced by the
distribution of forces to
finger flexors to each finger
individual phalanges. The
bears a constant relationship percentage of total force
regardless of wrist position.
exhibited on each finger
The magnitude of the total
bears a constant
force produced does vary
relationship to each other
with wrist position.
in any wrist position on
either the middle or distal
phalanx, making it
possible to determine the
amount of functional loss
objectively. The constant
relationship of forces
among the fingers
contributes to the
functional design of hand
tools and instruments for
greater comfort and
efficiency in job
performance.

Table 2.2 (continued)
Author

Tests Conducted

Critical Findings

al., Using Force
Sensitive Resistors
to Evaluate Hand
Tool Grip Design

Using force-sensitive resistors
of the conductive polymer
type, a portable sensor glove
system was developed to
measure the pressure
distribution of the hand.

Significant force difference
was observed between the
palm and finger areas with
different grips, tools, and
subjects. Pressure
distribution patterns vary
with the area of the hands,
variety of the hand tools
used, and lever of grip force
exerted.

(Gurram et al., Grip Pressure
1993)
Distribution Under
Static and Dynamic
Loading

Experiments were conducted
to investigate the distribution
of static and dynamic forces at
the hand-handle interface
using a grid of pressure
sensors mounted on the
handle.

There is a high concentration
of pressure at the tips of the
index and middle fingers and
the base of the thumb under
static grip forces. Under the
application of dynamic
loads, the concentration of
pressure shifts towards the
middle of the fingers.

(Yun et
1992)

Title
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Elements that can be
incorporated/ related to
the dissertation
The difference between
the finger and palm forces
was applied for various
tools during task
performance.
Time-phase analysis with
fatigue study.

Inter-phalangeal grip force
distribution for static and
dynamic loads helps
explain dynamic pressures
on the operator’s hands.

Table 2.2 (continued)
Author

Title

Tests Conducted

Critical Findings

(Marras
& Wrist motions in
Schoenmarklin, the industry
1993)

A quantitative surveillance
study in the industry monitored
workers' three-dimensional
wrist motions on the factory
floor. The wrist motion
parameters were monitored for
each subject, including
position, angular velocity, and
angular acceleration measures
in each plane of movement
(radial/ulnar,
flexion/extension)

The velocity and
acceleration variables
significantly differentiated
cumulative trauma disorder
risk levels, whereas wrist
position variables as a group
did not. The results of the
given study demonstrate the
importance of dynamic
components in assessing
cumulative trauma disorder
risk.

(Radhakrishnan
&
Nagaravindra,
1993)

An analysis of force
distribution in hand during
maximum isometric grasping
actions is reported in a detailed
and accurate manner.

Normal grasp forces
decreased significantly with
the increase in tube diameter,
with force being
concentrated more on the
distal segments of the fingers
on the proximal and middle
segments.

Analysis of hand
forces in health and
disease during
maximum
isometric grasping
of cylinders
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Elements that can be
incorporated/ related to
the dissertation
Biomechanical association
between cumulative
trauma disorder risks and
wrist acceleration.
Dynamic aspects of wrist
motion.

The mean percentage of
finger forces to total grip
strength, from index to
little fingers.
The study procedure
provides baseline data for
healthy hands, which
could serve as guidelines
in assessing the severity of
any diseases.

Table 2.2 (continued)
Author

Title

Tests Conducted

Critical Findings

Elements that can be
incorporated/ related to
the dissertation

(Bishu et al., Force distribution
1993)
at the container
hand/handle
interface using
force-sensing
resistors

Determine the pressure
distribution at the container
handle/hand interface and use
the same as a criterion for
evaluating container handle
positions and angles.

The superiority of certain
handle positions compared to
the other positions, average
pressure at different handle
angles.

Hand locations and
geometry of handles to
study the pressure
distribution at the
container hand/handle
interface.

(McGorry,
2001)

A device developed for
measuring gripping forces and
the moments generated by a
hand tool.

The device, configured as a
boning knife, was sensitive
to differences in grip forces
and applied moments in a
simulated meat cutting task
requiring distinct levels of
precision. Significant
individual variation in the
efficiency of grip force was
also observed. The system
design is flexible, allowing
for additional tool
configurations.

Differences in the
dependent variables, grip
force, and applied
moment. The system's
design for measurement
through the feasible range
of human grip force.
System configuration for
embedding sensors on
hand tools.

A system for the
measurement of
grip forces and
applied moments
during hand tool
use
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Table 2.2 (continued)
Author
(Welcome
al., 2004)

Title
et An investigation of
the relationship
between grip, push,
and contact forces
applied to a tool
handle

(Kong & Lowe, Optimal cylindrical
2005)
handle diameter for
grip force tasks

Tests Conducted

Critical Findings

Elements that can be
incorporated/ related to
the dissertation
A simulated tool handle fixture The results show that the
The methodology and
was realized in the laboratory
hand–handle contact force is relationship proposed in
to measure the grip and push
strongly dependent upon the the study could be
forces using
grip and push forces and the effectively applied for
compression/extension force
handle diameter. The contact estimating the hand–
sensors integrated within the
force for a given handle size handle contact force from
handle and a force plate.
can be expressed as a linear
known grip forces that are
combination of grip and push conveniently and directly
forces, where the
measurable in laboratory
contribution of the grip force studies. The method for
is considerably larger than
measuring the hand–
that of the push force.
handle contact force.
Testing maximum grip force
on cylindrical aluminum
handles to evaluate the
relationship between handle
diameter, perceived comfort,
finger, and phalange force
distribution, and
electromyographic efficiency
of finger flexor and extensor
muscle activity

The optimal handle diameter
is 19.7% of the user’s hand
length. Total fingers force
capability is inversely elated
with the handle diameter.
The glove system developed
can quantify finger forces on
hand tools of any shape and
size but comes with its
limitations. Small handles
create a biomechanical
configuration where
phalanges generate forces
that counteract one another.
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Individual finger and
phalangeal forces are
related to handle size and
diameter. Muscle
efficiencies of flexor and
extensor muscles using
EMG. Recommended
handle diameters for
maximizing subjective
comfort.Force analyses for
individual metacarpal
phalanges.

Table 2.2 (continued)
Author

Title

(Horsfall et al., The effect of knife
2005)
handle shape on
stabbing
performance

Tests Conducted

Critical Findings

A series of tests were
performed to determine the
effect of handle size and shape
on the forces and impact
energy that could be produced
during the stabbing of an
armored target.

The single largest variable
was that of the test
participants, with all other
variables such as handle size
and shape having only slight
effects on the magnitude of
impact energy. Using a
finger guard increases the
mean energy delivered to the
target by approximately 5J
compared to a handle having
no guard. The energy
delivery characteristics were
strongly influenced by the
position of the grip relative
to the guard.
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Elements that can be
incorporated/ related to
the dissertation
Effect of handle geometry
on the grip force and
position. Variability of
participant performance.
During the process, force
distribution and the handle
and quasi-static muscular
activity/effort occur. Grip
position affects the force
delivery characteristics.

Table 2.2 (continued)
Author

Title

Tests Conducted

Critical Findings

(Aldien et al., Contact pressure
2005)
distribution at the
hand-handle
interface: Role of
hand forces and
handle size

The distribution of localized
pressure peaks and the
resulting contact forces over
the hand surface are
investigated through
measurements performed
under applications of different
combinations of hand grip and
push forces in the 0–75 N
range.

(Hoozemans & Prediction of
van
Dieën, handgrip forces
2005)
using surface EMG
of forearm muscles

The article provides a series of
tests to assess the validity of
linear regression models that
predict handgrip forces using
the EMG of 6 forearm
muscles.

32

Elements that can be
incorporated/ related to
the dissertation
The results show that contact The
peak
pressures
pressures of considerable
occurring in different
magnitudes develop within
regions of the hand surface
the hand–handle interface,
are derived and examined,
while the magnitudes of peak giventhe reported pressurepressures strongly depend
discomfort and pressureupon the handle size, grip,
pain threshold limits. The
and push forces. Application proportionsof hand–handle
of high grip and push forces contact force developed
causes the peak pressures to within individual zones
exceed the discomfort
vary linearly with grip and
threshold values, specifically push forces and strongly
for the thenar eminence.
depend upon the handle
size. Attributed contact
force developed in the
vicinity
of
proximal
phalanges of the digits and
the palm to the push force.
The goal of the study was to
look at the validity of EMG
models that used up to 6
forearm muscles to predict
handgrip forces and the
impact of various calibration
processes.

The relationship between
handgrip force is different
for different grip widths,
and the wrist posture
contributes much more to
the grip force than the
forearm posture.

Table 2.2 (continued)
Author

Title

Tests Conducted

Critical Findings

(Amft et al., Sensing muscle
2006)
activities with
body-worn sensors

Investigate the use of force
resistive sensors and fabric
stretch sensors to detect the
contraction of arm muscles by
attaching the sensors directly
to the lower arm.

The arbitrary lifting of a
heavy object does not only
activate the selected nearsurface muscles but also
muscles at deeper body
layers.

(J.-H. Lin et al., Effects of user
2007)
experience,
working posture,
and joint hardness
on powered
nutrunner torque
reactions

The study measured the handle
displacement, grip force, and
upper limb muscle activity
(EMG) because of operator
experience, working height
and distance, type of tool, and
fastener joint hardness

Experienced users exerted
more grip force than novice
users when using right-angle
handles but less force when
using pistol grip handles.
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Elements that can be
incorporated/ related to
the dissertation
Forearm muscle actuations
during different activities
and movements of daily
living.

EMG activity at the
forearm flexors and
forearm extensors can
provide a good reference
for voluntary contraction
data. Factors involved in
hand tool use and their
effect on the subject
responses. Adapting
workplace layout to permit
different working
postures.

Table 2.2 (continued)
Author

Title

(Lin et
2007)

al., Hand-Handle
Interface Force and
Torque
Measurement
System for
Pneumatic
Assembly Tool
Operations:
Suggested
Enhancement to
ISO 6544
(Lemerle et al., Application of
2008)
pressure mapping
techniques to
measure push and
gripping forces
with precision
(Lee et
2008)

al., A Study on the
Human Grip Force
Distribution on the
Cylindrical Handle
by Intelligent Force
Glove (I-Force
Glove)

Tests Conducted

Critical Findings

Sensor instrumented tool
handle, affixed to the tool in
parallel to the original tool
handle, capable of measuring
grip force and reaction hand
moment for threaded, fastener
tools used by operators.
Instrumented handle located
either to the posterior or
parallel to the original handle.

The force measurement
system allows measuring
grip force and hand moment
independently from torque
reaction motions, thereby
providing broader
information to study power
hand tool operations.

Numerical integration and
pressure mapping technique
used to determine coupling
forces—two prototypes of
sensing gloves designed to
measure pressure distribution
at the handle surface.
A gripping force measurement
system is developed by
covering a thin glove with
FSRs, over phalanges and the
metacarpal region to estimate
their forces when engaged in a
gripping task.

Sensitive capacitive matrices
wrapped around the tool
handle provide better force
computing than sensitive
gloves.

Physical and mechanical
properties of capacitive
sensors

Comprehensive
understanding of hand forces
for developing appropriate
strategies and working
procedures for hand tools.

To better determine sensor
placements for the study,
individual phalangeal
force distribution behavior
of the distal, middle,
proximal and metacarpal
segments.
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Elements that can be
incorporated/ related to
the dissertation
Gripping efforts and hand
reaction moment for pistol
pneumatic tools. Wrist
extensor activities when
using pistol-grip tools and
right-angle tools.

Table 2.2 (continued)
Author
(Lee et
2009)

Title
al., Handle grip span
for optimizing
finger-specific
force capability as
a function of hand
size

(Jia-Hua Lin & Predicting
McGorry,
subjective
2009)
perceptions of
powered tool
torque reactions

Tests Conducted

Critical Findings

Five grip spans were tested to
evaluate the effects of handle
grip span and user’s hand size
on maximum grip strength,
individual finger force, and
subjective ratings of comfort
using a computerized digital
dynamometer with
independent finger force
sensors.

The middle finger force
shows the highest
contribution (37.5%) to the
total finger force, followed
by the ring (28.7%), index
(20.2%), and little (13.6%)
finger. Each finger was
observed to have a different
optimal grip span for
exerting the maximum force.

Subjective ratings of
discomfort and acceptability of
reaction forces were collected
to identify the powered hand
tools’ associations with work
location and response
covariates such as grip force
and tool handle displacement.

Operators increase the grip
force to brace the torque
impulse in powered hand
tools. Significant handle
displacements are observed
when pistol grips are used on
horizontal surfaces.
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Elements that can be
incorporated/ related to
the dissertation
Interaction effect of grip
span and hand size to total
grip force. Experimental
procedure including
isometric grip exertion.
Subjective ranking for
handle comfort and
normalized grip span
evaluation according to
varying hand sizes—
individual finger force
contribution, which can be
helpful for sensor
placements.
The subjective responses for
the tools operated and
prediction models can be
used to establish exposure
limits based on handle
displacement and grip
force—interactive effect of
working heights and type of
grip on worker discomfort.
Prediction models can be
used for workstation design
and tool selection.

Table 2.2 (continued)
Author

Title

Tests Conducted

Critical Findings

(Parekh
& Tool Use as
Baber, 2010)
Gesture: new
challenges for
maintenance and
rehabilitation

Capturing data from the
handles of domestic tools.
Analyzing human activity
through sensor output.

The paper demonstrates the
development of a prototype
instrumented handle.

(Marcotte et al., Development of a
2011)
low-cost system to
evaluate coupling
forces on real
power tool handles

Preliminary design study of a
low-cost system-based thinfilm FlexiForce sensors
located on the handle to
estimate grip and push forces
acting on the hand.

The output of the sensors, as
a function of the force,
increases linearly with the
applied force
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Elements that can be
incorporated/ related to
the dissertation
N/A

Study design for attaching
sensors directly to the tool
handles.

Table 2.2 (continued)
Author

Title

Tests Conducted

Critical Findings

(Hwang et al., Design and
2011)
Assessment of
Ergonomics of
Hand-Powered
Pruning Shears
Based on GenderSpecific Operating
Strategy

Effects of pruning shear
design, gender, and hand size
on muscle activities, grip force
distribution, wrist deviations,
and gender-specific operating
strategy were studied to
investigate biomechanical and
physiological loads. The
objective was to find usability
issues on conventional pruning
shears and integrate
ergonomics into the design
process to improve users’
safety, health, and
performance.

(Levangie
& Joint and Structure
Norkin, 2011)
Functions: A
Comprehensive
Analysis

A textbook providing
information about joint
structures and functions of the
overall body
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Elements that can be
incorporated/ related to
the dissertation
The redesigned pruning
Evaluation of total grip
shears minimized pressure
force and relative
on some critical hand regions distribution of individual
and improved muscle
finger/pal force while
activity, grip force
using pruning shear.
distribution, and wrist
Effects of gender, design,
deviation. A large degree of hand size, and their
wrist extension, greater use
interactions on the
of the extensor digitorum
dependent measures of
muscle, and excessive
muscle activity, grip force
squeezing force were
distribution, wrist
women’s operating strategies deviations, and genderto overcome their
specific operating
biomechanical disadvantages strategies. Ergonomic
due to small hand size and
interventions should focus
less muscle strength during
more on variations in user
pruning work.
anthropometry and
physiological responses.
The wrist and the hand are
Muscle structure for grip
complex structures.
anatomy and prehension.
Prehension and grip anatomy
Muscle structure and
functions

Table 2.2 (continued)
Author

Title

Tests Conducted

Critical Findings

(J.-H. Lin et al., Ergonomics effects
2012)
of work pace and
work: rest ratio on
repetitive powered
hand-tool
operations

Handgrip force, hand motion,
and localized blood volume at
the forearm were collected at a
slow and fast pace and two
different works: rest sessions.
The spectroscopy-derived data
during torque exposure
sessions shows that wrist
flexors counteract the torque
reaction and trigger action,
resulting in higher localized
blood volume than the wrist
extensors in torque exposure
sessions.

(Goislard De Quantification of
Monsabert et Hand and Forearm
Al., 2012)
Muscle Forces
during a Maximal
Power
Grip Task

Estimate muscle and joint
forces during a power grip task
using A specially designed
apparatus combining an
instrumented handle and a
pressure map to record the
forces at the hand/handle
interface during maximal
exertions.
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Elements that can be
incorporated/ related to
the dissertation
Providing rest breaks
Effect on the grip force
reduced perceived exertions. due to the type of joint
A greater grip force decrease (soft, hard, and control),
was observed while
pace, and work to rest
operating soft and hard joints ratio.
than the control joint,
Grip effort and muscle
suggesting considerable
activity in the forearm can
upper extremity muscular
aid decide work pace.
effort.
Work pace affects the
Fast work pace resulted in
duration of the effort
higher average grip forces by relative to the duty cycle
participants but a greater
and hence the intensity of
decrease in the force as the
the task.
session progressed.
Muscle tensions of the five
fingers and the forearm.
Quantifying hand internal
loadings resulted in new
insights into the thumb and
the wrist biomechanics.

Quantifications of muscle
load sharing, cocontraction level, and
hand biomechanics.

Table 2.2 (continued)
Author

Title

Tests Conducted

Critical Findings

(Emge et al., Effects of muscle
2013)
fatigue on grip and
load force
coordination and
performance of
manipulation tasks

Experiments were carried out
to investigate the effects of
muscle fatigue on the grip
force–load force coordination
and performance in various
manipulation tasks.

Muscle fatigue results in a
deteriorated coupling of grip
force with load force and
reduced grip force scaling.

(Reinvee
& Utilization of
Jansen, 2014)
tactile sensors in
the ergonomic
assessment of
hand-handle
interface: a review

A review study examined
N/A
operational issues of capacitive
tactile sensors and
piezoresistive tactile sensors in
hand-handle interface pressure
measurement.

Sensor properties and
sensor placements.
A trade-off between
robustness, sense density,
sensor dimensions, and
wrinkling or induced
accuracy loss is specific to
handle geometry

(Gust & Ünlü, Developing a
2014)
comfort evaluation
method for work
equipment handles

Develop a standard method for
comfort evaluation of work
equipment, considering
significant factors of work gear
in handle designs.
Matrices of polymeric pressure
capacitive sensors are wrapped
around the tool handle,
allowing to measure the push
and grip forces.

Pressure Pain Thresholds
and Pressure Discomfort
Thresholds for various
handle types.

Pressure distribution and
discomfort evaluation for
different types of handles.

No modifications of handles
are needed to measure the
grip and push forces.

Capacitive sensor
advantages; application of
proposed senor on real
tools

(Scalise
& Pressure sensor
Paone, 2015)
matrix for indirect
measurement of
grip and push
forces exerted on a
handle
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Elements that can be
incorporated/ related to
the dissertation
Effects of muscle fatigue
on maximum voluntary
contraction during the
static gripping task and
dynamic tasks.

Table 2.2 (continued)
Author

Title

(Kalra et al., Feasibility analysis
2015a)
of low-cost,
flexible resistive
sensors for
measurements of
driving point
mechanical
impedance of the
hand-arm system

(Kalra et al., Measurement of
2015b)
coupling forces at
the power tool
handle-hand
interface

Tests Conducted

Critical Findings

Feasibility of flexible
resistive force sensors for
measurement of hand-arm
biodynamic response
(palm-handle and fingerhandle interface dynamic
forces)

A low-cost system for
measurement of coupling
forces imposed by the hand on
a handle under static and
dynamic conditions, and its
feasibility for applications to
hand-held power tools using
flexible sensors.
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Elements that can be
incorporated/ related to
the dissertation
The low-cost and flexible
Applicability of sensors to
sensors are applied to the
the tools for measuring
curved surfaces of real
hand grip forces. Interpower tool handles in the
subject variability in the
field. The most significant
force response.
benefit of the sensors is their The hand-handle interface
negligible mass; thereby, the measurement system is
instrumented handle inertia- used to measure static and
induced errors in the
dynamic forces imparted
biodynamic responses can be on the tool handles.
eliminated.
The results showed good
linearity and repeatability of
the sensors for all subjects
and handled under static and
dynamic conditions, while
the sensors' outputs differed
for each handle type. The
measurements revealed good
correlations between the
hand forces estimated from
the flexible sensors and the
reference values for the
stationary and dynamic tools.

Application of sensors to
the curved surfaces of real
power tool handles in the
field to measure hand grip
and push forces and the
forces exerted on the palm
and the fingers. The
measurement of handhandle interface forces is
vital for assessing the
hand transmitted
musculoskeletal loads.

Table 2.2 (continued)
Author

Title

Tests Conducted

Critical Findings

(Battaglia et al., Thimblesense: A
2016)
Fingertip-Wearable
Tactile Sensor for
Grasp Analysis

A prototype of an individualdigit wearable force/torque
sensor based on the principle
of intrinsic tactile sensing is
proposed for measuring the
absolute position and
orientation of fingertip, which
yields contact and force
components.

Wearable device to obtain
measurements of forces
applied during grasping and
estimate the position of the
contact points.

(Cepriá-Bernal
et al., 2017)

Experimental analyses of grip
force and force sharing during
two activities of daily living.

The ratio of grip force to
load force was higher for
lighter loads. The task
influenced the force sharing
but not the mean grip force.

Grip force and
force sharing in
two different
manipulation tasks
with bottles
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Elements that can be
incorporated/ related to
the dissertation
Sensorimotor control
during grasp and
manipulation.

Mean force sharing among
fingers. The effects of the
bottle feature, filling level,
and task on the
contribution of different
hand areas to the grip
force. Different force
sharing for each task and
the bottle features affect
both the grip force and
force sharing.

Table 2.2 (continued)
Author

Title

Tests Conducted

Critical Findings

Alberto et al., Wearable
2018)
monitoring devices
for biomechanical
risk assessment at
work: Current
Status and future
challenges—A
systematic review

A systematic review to
describe recent
implementations of wearable
sensors for quantitative
instrumental-based
biomechanical risk
assessments in the prevention
of WMSDs

Few studies foresee the use
of wearable technologies for
biomechanical risk
assessment, although the
requirement to obtain
increasingly quantitative
evaluations, the recent
miniaturization process, and
the need to follow a
constantly evolving manual
handling scenario prompt
their use.

(Jahanbanifar
Evaluation of
& Akhavian, wearable sensors to
2018)
quantify
construction
workers muscle
force: an
ergonomic analysis

A work simulator tool and
accelerometer data are
collected from a smartphone
sensor affixed to the working
arm to measure the exerted
force during physical
activities.

The study indicated a high
correlation between the data
collected from wearable
accelerometer sensors and
the amount of force exerted
by human muscles.
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Elements that can be
incorporated/ related to
the dissertation
An explanation of how
wearable sensors work and
perform measurements,
with attention, hand-held
dynamometers and grip
force devices, and surface
electromyography (sEMG)
sensors. Instrumental
approaches to classify
tasks into low and highrisk categories.

Non-intrusive way of
identifying excessive
forces applied during
physical tasks reduces the
risk of WMSD injuries.

Table 2.2 (continued)
Author
(Yao et
2019)

Title
al., Relationship
among hand forces
imparted on a
viscoelastic handhandle interface

(Krugh et al., Associate Finger
2019)
Engagement
During Manual
Assembly in
Automotive
Production for
Smart Wearable
Systems

Tests Conducted

Critical Findings

Evaluation of static properties
of developed flexible thin-film
hand sensor for reliable contact
pressure and force distribution
measurements at a viscoelastic
hand-handle interface.

The measured results
revealed low hysteresis and
drift, good linearity and
repeatability, and a
relationship between grip,
push, and contact forces.

Two types of flexible force
sensors are layered into
standard work gloves with
sensors at each of the five
fingertips to measure finger
application and area of force
application for the automotive
reprocesses.

Fujifilm Prescale material
for measuring contact area
corresponds well with the
finger engagement tests.
Video review of finger
engagement enabled the
recording of visually
occluded and side contact
forces
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Elements that can be
incorporated/ related to
the dissertation
The bare hand grasping a
rigid handle showed good
linearity and repeatability
for the relationship
between the contact force
developed by the bare
hand grasping a rigid
handle. The hand sensor
feasibility for application
to a curved surface.
Contact force area and
locations for the fingers
and finger engagement.
Hand-process interaction
for better understanding
processes and designing
wearable process
measurement sensor
devices.

Table 2.2 (continued)
Author

Title

Tests Conducted

Critical Findings

(la Delfa et al., The influence of
2019)
hand location and
handle orientation
on female manual
arm strength

Examine the effect of handle
orientation and hand location
on uni-manual arm strength for
several exertion directions.
Examine how maximum endeffector force can be affected
by the orientation of the handle
at several locations throughout
the reach envelope.

Handle orientation affected
MAS in all but the anterior
exertion direction, with
significant interactions
between hand location and
grip orientation existing for
the superior and inferior
directions.

(Yao et
2020)

Test the construct validity of a
surface EMG measurement
protocol, indirectly assessing
the effects of anti-vibration
gloves on activities of the
forearm muscles

Activities of ECR, FCR,
mean of ECR and FCR and
mean of all four muscles
were sensitive to wearing
gloves. Combined ECR-FCR
activities increased by 22%–
78% with gloves compared
with bare hands. The
correlation coefficient (r) of
ECR_FCR activities with
glove thickness and manual
dexterity scores were 0.74 (p
< .05) and 0.90 (p < .001)

al., Assessing
Increased activities
of the Forearm
Muscles Due to
Anti-Vibration
Gloves: Construct
Validity of a
Refined
Methodology
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Elements that can be
incorporated/ related to
the dissertation
Helpful information
regarding manual arm
strength capability

Effects of gloves on grip
exertion and forearm
muscle activity.
Activities of the forearm
muscles can yield design
guidance to reduce grip
exertion by the hand.

Table 2.2 (continued)
Author

Title

Tests Conducted

Critical Findings

Elements that can be
incorporated/ related to
the dissertation
This system ensures that
Embedded sensors on the
users are appropriately
hand tools and sensing
equipped with all required
gloves capture the motion
PPE prior to using dangerous of the tool and hand-tool
construction hand tools
interface force.
through wearing detection.
The PPE-Tool pair check
enables warnings to users
about the safe use of
construction tools

(Yang et al., Automated PPE2020)
Tool pair check
system for
construction safety
using smart IoT

Develop an automated PPETool pair checking system
using the internet of things
(IoT) with wireless Wi-Fi
modules tagged on the PPE.

(Beringer et al., The effect of wrist
2020)
posture on extrinsic
finger muscle
activity during
single joint
movements

Characterization of the effect
of changing wrist joint angles
on EMG activity of the
extrinsic finger muscles during
structured hand movements
using bipolar fine-wire
electrodes inserted into the
extrinsic finger muscles of the
subjects.

Wrist posture-dependent
effects on extrinsic finger
muscle EMG activity.
Muscles assist with unloaded
wrist movements

The effects and impact of
the Wrist posture on the
muscle lengths and
moment arms of the
extrinsic finger muscles
that cross the wrist.

(Dresp-Langley,
2020)

Grip force profiling for tracking
surgeon’s individual hand force
profile, using wireless force resistive
sensor glove. Individual grip force
data were recorded for young
individuals using weighted handles,
which had to be lifted and down to
the sound of different types of music.

The preliminary testing phase for
wireless sensor gloves provided
effective results for manual/ bimanual tasks, characterizing an
expert’s and novice’s performance
for robot-assisted surgery

Grip force profiling across
finger and palm for various grip
controls.

Wearable Sensors for
Individual Grip Force
Profiling
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2.5

Pilot Study:
A preliminary study was conducted to test the pressure sensors' feasibility in measuring

the grip forces. The linearity of pressure sensors was tested against the dynamometer compared
to the stretch sensor. To test whether the pressure sensor was a feasible option, we attached the
pressure sensor to the index finger of the subject's dominant hand with the help of a toupee tape.
The subject was then asked to hold the dynamometer in his dominant hand, with the handle
adjusted on the third handle position of the hand dynamometer (i.e., handle the size of 2.375
inches) and elbow angled at 90 degrees on the desk. The subject was asked to progressively
increase the force on the dynamometer until the desired value was reached (here, 20kg reading
on the dynamometer). Figure 2.2 below shows the comparison of the experiment for both the
stretch and pressure sensors.

Figure 2.2

Comparing StretchSense pressure sensor (left) to stretch sensor (right) for
compression performance evaluation
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Figure 2.3 shows the pressure sensor readings taken for different values of forces applied
to the dynamometer. Multiple tests were carried out, with the pressure sensor attached to the
finger and the subject progressively applying force up to a specific desired value, with the values
ranging from 2kg-force to 20kg-force.

Figure 2.3

Pressure sensor output for various dynamometer force levels

The pressure sensors were then applied to the curved tool-handle surface to measure the
hand-handle interface grip force imparted on the tool, as shown in Figure 2.4.

47

Figure 2.4

A pilot study conducted by attaching pressure sensors to a plier handle

The subject grasped the instrumented handle with his dominant hand with a specified arm
posture (elbow angle =90° ± 10°) and maintained a specified grip of the 20kg-force unit three
times for a given trial. Two trials were carried out for repeatability, with the subject being
instructed to take a brief rest of the 30s between successive attempts. The subject’s hand position
concerning the sensor placement was marked during the first trial, and the subject was advised to
use the same position in the subsequent test. Figure 2.5 illustrates the results obtained in the two
trials.
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Figure 2.5

Trials conducted using instrumented tool handles to test pressure sensors’
repeatability
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CHAPTER III
COMPARING PRESSURE SENSOR PERFORMANCE TO SEMG UNDER
STATIC CONDITIONS
3.1

Introduction:
Grip strength is an essential component for working in an industry such as automotive,

construction, textile manufacturing, warehousing, small component assembly, packing and
inspection, landscaping, assembly work, repair, and overhaul. One of the most important factors
in hand-arm system research is the information about handgrip force and pressing force on a tool
handle. In particular, the handle of the work equipment, as a direct interface to the user,
significantly influences the perception of fatigue, pain, and comfort or discomfort. Despite
increased automation, there is a continuous need for muscular manpower and manual hand tools
of all sizes in manufacturing and the construction industry. Poor design and excessive use of
hand tools, which lead to the exertion of large grip forces and high local pressure on the hand,
are associated with increased incidences of chronic disorders of the hand, wrist, and forearms.
Hand tools have been associated with a large proportion of upper extremity disorders (Mital &
Kilbom, 1992).
CTDs refer to conditions precipitated by repetitive stressors on the muscles, joints,
tendons, and delicate nerve tissues (Putz-Anderson, 2017). CTDs further compromise the
integrity or functioning of the soft tissues producing inflammation of the tendons or compression
of peripheral nerves (Feldman et al., 1983; Goldstein, 1981; Marras & Schoenmarklin, 1993;
National Research Council (U.S.). Committee on Human Factors. & Workshop on Work-Related
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Musculoskeletal Injuries: Examining the Research Base (1998: National Academy of Sciences).
Steering Committee., 1999). Two major occupational risk factors of CTD include repetitiveness
and forceful exertions (Marras & Schoenmarklin, 1993; B A Silverstein et al., 1986). The study
of the contribution of these above-mentioned occupational factors to the development of the
CTDs requires quantification at the workplace during manual tasks. The evaluation of grip force,
an essential component of the ergonomic evaluation, remains to be developed for practical use in
the workplace. As recommended by the American Society for Surgery of the Hand and the
American Society of Hand Therapists, the Jamar dynamometer is recognized as one of the most
reliable clinical tools to determine grip strength. However, to use routinely in field studies,
evaluating handgrip forces must be simple, safe, comfortable for the worker, and reasonably
accurate.
3.2

Purpose of the study:
•

Examine whether the pressure sensors could be used in the field to estimate hand
grip forces with reasonable accuracy.

Direct measurement of handgrip force is not practical or possible in many workplaces.
Most methods depend on the judgment of ergonomists, or the subjective feedback received from
the operator/worker. Another method that ergonomic consultants commonly use is the forcematching method. In this method, the worker replicates a force on a dynamometer, requiring a
similar grip effort while performing a task. The dynamometer reading is considered the force
required/applied by the worker for a handgrip task.
Knowledge of grip force associated with hand tool use is vital in identifying high-risk
techniques or task elements. The grip force information is also essential in analyzing the
relationship between force exposure and injury. Although the Jamar dynamometer is considered
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the gold standard for estimating grip forces, wearable sensors with wireless signal transmitting
capabilities are currently being considered for monitoring health data, exercise activities, and
performance data. Wearable sensors capable of providing a real-time continuous data feed from
assets and processes allow real-time analysis of the activity being performed. Real-time grip
force sensing by wearable systems can directly help prevent incidents because it includes the
possibility of sending a signal to the person performing the task that his/ her grip force exceeds a
specific limit before the damage is done. Furthermore, wearable interventions can help overcome
the limitations of current designs and equipment, serve as an assistive device to return the ability
to perform activities of daily living (ADL), and improve the quality of life for a broad population
with hand & arm impairment.
The study's goal is to substantiate the StretchSense pressure sensors by comparing their
output to the surface EMGs signals, which help evaluate muscle activity (Golabchi et al., 2019).
The study aims to validate that the electrical output of the pressure sensors linearly changes
when compressed under the progressive force applied by the hand to the hand dynamometer. The
performance of the pressure sensors would be evaluated by comparing the sensor readings to the
values obtained by the sEMG and dynamometer. Calibration would be done in a neutral and
static position for each individual.
3.3
3.3.1

Method:
Participants:
The study was conducted under the approval of Mississippi State University’s (MSU)

Institutional Review Board (IRB), IRB Protocol #21-184. A total of 36 participants, 18 males
and 18 females aged between 18-35 years, participated in the study. A statistical power analysis
was conducted to determine the optimal sample size for the study, assuring an adequate power to
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detect statistical significance. The sample size of 36 participants was obtained based on an alpha
(α (two-tailed)) of 0.05, power (1-β) of 80%, and the expected coefficient correlation (r) of 0.45.
The power analysis to determine sample size was done according to methods suggested in Hulley
et al., (2013) (Adam Bujang et al., 2016; Hulley et al., 2013). Screening criteria for the
participants included no previous history of neuromuscular or orthopedic dysfunction that would
significantly affect their hand strength.
Participants were informed of the testing protocol and given written informed consent
and a physical activity readiness questionnaire (PAR-Q) (APPENDIX A) to establish the safety
or potential risks of exercising based on their health history, existing symptoms, and risk factors
before beginning the experiment. The participants were further asked to complete two Cornell
Musculoskeletal Discomfort Questionnaires for their dominant hand and whole body for
screening purposes, which are based on previously published research studies of musculoskeletal
discomfort (https://ergo.human.cornell.edu/ahmsquest.html) (APPENDIX B). In compliance
with the IRB for Protection of Human Subjects in Research, the participants were also asked to
complete a participant screening checklist for COVID-19 (APPENDIX C).
3.3.2

Instruments:
A Jamar dynamometer was used to measure the grip strength for the study. The

StretchSense pressure sensors were attached to the handles of the dynamometer externally on the
areas where the fingers and the palm meet the dynamometer, as shown in Figure 3.1. The
arrangement included attaching five StretchSense pressure sensors to the dynamometer handles.
One out of five pressure sensors were placed on the handle where the palm touched the
dynamometer. The rest four sensors were placed on the grip handle, where the user held the
dynamometer with their fingers wrapped around one side of the handle and their thumb around
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the other side. The sensors were connected to the Bluetooth Low Energy (BLE) module,
developed by the MSU Athlete Engineering team.

Figure 3.1

Pressure sensor placement and configuration on the Jamar dynamometer

The Ultium Noraxon sEMG was used to measure muscular performance and detect
muscle response. The data from the sEMG sensors were collected synchronously in real-time by
connecting the Noraxon unit directly to the MotionMonitor XGen using a desktop interface unit.
During gripping activities, the flexors in the forearm create grip strength by controlling the
movements of the fore, middle, ring, and little finger (Ambike et al., 2014). Based on muscle
characteristics, forearm muscles that play an essential role in flexing the joints of the hand and
elbow were considered for superficial placements of the sEMG electrodes. As described in
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Barański & Kozupa (2014), the flexor carpi radialis and flexor carpi ulnaris muscles flex the
hand strength and, at the same time, are situated most superficially. Thus, the flexor carpi radialis
and flexor carpi ulnaris were considered to position the surface electrodes and record the sEMG
signals (Barański & Kozupa, 2014). The flexor carpi radialis muscle flexes the hand, fingers, and
elbow, though not as strong as the hand and fingers. The flexor carpi ulnaris muscle flexes and
adducts the hand (Barański & Kozupa, 2014; Levangie & Norkin, 2011). The anatomical
localization of flexor carpi radialis muscles and flexor carpi ulnaris muscle was done with the
help of some characteristic topographic points on the forearm.
3.3.3

Experimental Procedure:
Participants' age, gender, hand dominance and size (small/medium/large), height, weight,

and health status were recorded using the participation questionnaire.
Table 3.1

Descriptive Statistics – Participants' Details
Statistics
Height
Weight
(m)
(kg)
Mean
Std.
Deviation
Variance
Minimum
Maximum

Age
(years)

1.7042

70.4231

23.86

0.10481

12.18449

4.422

0.011
1.55
1.92

148.462
48.64
95

19.552
18
32

Hand dominance was determined by asking which hand the participant would use for
similar tasks. The participant was then seated on a chair while the researcher prepped the
participant for attaching the sEMG sensors to the forearm muscles. The researcher familiarized
the participant with the sEMG sensors and electrodes before applying them to their skin. The
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electrode application process recommended in the Noraxon manual was followed, which
included the following steps (Ultium EMG Hardware User Manual, n.d.):
•

The researcher shaved the hair on the participant’s forearm as directed in the
Noraxon sEMG manual.

•

The researcher then cleaned the electrode application site with isopropyl alcohol,
allowing it to dry to avoid any increase in skin impedance. Dry skin contributes to
good electrode adhesion and good trace quality.

•

Fine sandpaper was used to abrade the skin to lower the skin impedance.

•

The sEMG electrodes were applied to the measurement site (refer Figure 3.2),
followed by placing the sEMG sensors and Ultium EMG Smart Lead such that the
center reference electrode pad on the bottom side was in direct contact with the
bare skin of the forearm as shown in Figure 3.2 and Figure 3.3. The sEMG
sensors were secured in place using double-sided adhesive tape.
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Figure 3.2

sEMG electrode placements on the Flexor Carpi Radialis and Flexor Carpi Ulnaris

Figure 3.3

sEMG sensor placements on the forearm (marked in red)
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•

It was made sure that the EMG sensors were further secured using athletic prewraps, allowing comfortable dynamic movements.

The participant was then asked to sit with his/her shoulder adducted and neutrally rotated,
elbow flexed at 90-degree, and forearm in the neutral position. The position is recommended by
the American Society of Hand Therapists for assessing hand grip dynamometry. The researcher
conducted an initial familiarization session prior to the experimental testing. During
familiarization, the participant was briefed on the procedures and provided an opportunity to
perform a few sessions.
Once the familiarization process was completed, the researcher ensured that the
participant was seated in a neutral posture for the experimental testing. The researcher placed the
dynamometer with the pressure sensors attached in the participant's hand, gently supporting the
base of the dynamometer. Each participant was asked to grip/squeeze the dynamometer as hard
as possible for approximately 3-4 seconds and then relax for 10 seconds, starting at the second
handle position and going up to the fourth handle position (refer Figure 3.4).
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Figure 3.4

Jamar dynamometer handle position representation

Recommendations regarding the best handle positions for measuring grip strength are
between handle positions 2 and 4 for the Jamar dynamometer (Bohannon et al., 2006; Trampisch
et al., 2012). The procedure was repeated three times for each of the following handle positions.
Between repetitions, the participant was allowed to rest for 10 seconds. Each participant's
experiment began with simultaneous recording of hand force on the BLE module and the
corresponding surface integrated sEMG level during maximum voluntary contraction (MVC) on
the Jamar dynamometer. The researcher further noted the dynamometer scale reading for every
session. In order to ensure that the participants are contracting/exerting maximally during MVC
sessions, normative hand-grip strength data values were used as a guide for population-specific
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reference values of grip strength measurement (Appendix D). Further care was taken such that
the dynamometer did not contact any part of the participant's body except for the measuring
hand.
3.4
3.4.1

Data Analysis:
Data Preprocessing:
The raw capacitance values of the pressure sensors were measured using the 10 Channel

Serial Peripheral Interface (SPI) Sensing Circuit in conjunction with a BLE module. The data for
each trial was saved to a file named according to the participant ID and dynamometer handle
position, for example, P001_DYNO2. The pressure sensor values were recorded using the MSUdeveloped Stretch Sensor Tool Kit (SSTK) application at a sampling rate of 250Hz. The sEMG
measurements for the experiment were collected simultaneously. The TMM XGen allows
configuring and collecting the sEMG data from a Noraxon EMG unit via a USB connection. The
raw myoelectric activity of the flexor carpi radialis and flexor carpi ulnaris was recorded at
1500Hz. Raw EMG offers valuable information in a particularly useless form. The raw sEMG
information is only helpful if it can be quantified via various signal-processing methods to
achieve accurate and actual EMG signals (Reaz et al., 2006). The analysis tool feature in the
TMM XGen allowed for deriving the root mean square (RMS) waveform from a raw sEMG
signal. The RMS calculation is considered to provide the most insight into the amplitude of the
EMG signal since it measures the power of the signal while producing a waveform that is easily
analyzable (Farfán et al., 2010). The time interval selected for the windowed root means square
was 100 milliseconds (0.1 sec). The sEMG data were down-sampled to match the pressure
sensor sampling rate (i.e., 250 Hz) by selecting the Report node in the TMM XGen. The Report
component in TMM XGen displays a panel that controls the report name, the existence of a
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header, the sampling interval at which data will be exported, and the file names of the data to be
exported. Reports were generated for each participant with a sampling frequency of 250Hz for
each trial.
MATLAB R2022a was used for formatting and analyzing the data sets, as the signal
processing toolbox in MATLAB is helpful to denoise, smooth, and detrend signals to prepare
them for statistical analysis. The pressure sensor data, as well as the sEMG data, exhibited
unwanted signal noises. A moving average filter was used to eliminate the signal noise. The
function medfilt1 replaced every point of a signal by the median of that point and specified the
number of neighboring points. Accordingly, the moving average filtering discarded the points
that differed considerably from their surroundings. The signal was filtered using sets of three
neighboring points to compute the medians, i.e., a window size of 3. This allowed for the
smoothing of the signals (Refer Figure 3.5).
As described in Valle & Hernández, (2021), there are baseline wanders and power line
interference normally generated by sEMG signals while performing any task including motion.
The acquisition of sEMG requires removal of these artifacts using frequency analysis and
estimation of criteria using spectral interpolation techniques (Valle & Hernández, 2021). The
transient spikes in the signal were processed using a noise peak cancellation (NPC) coding tool,
which is the first of its kind. The NPC code controlled the sudden signal spikes above a threshold
value, which was way beyond a normal signal. The threshold signal value for sEMG signals in
the current study was set to 1e-4, and for the pressure, sensors were set to 0.5. The NPC tool was
coded in a way that noted the index value of the spikes on the X-axis, and the spike signal was
then replaced by the mean neighboring 10 points. The mean of these 10 data points replaced the
spike value to produce time-continuous data, canceling the extreme peaks in the sensor signal.
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Figure 3.5

Preprocessing of raw sensor data; (A) Preprocessing of raw pressure sensor
signals, (B) Preprocessing of raw sEMG sensor signals
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After smoothing the sEMG and pressure sensor data, the pressure sensor data needed to
be aligned with the sEMG output, as a slight delay existed due to manually starting the data
recording on each system. A normalized cross-correlation technique was utilized to determine
the proper data-time alignment. Compared to the correlation function, the normalized crosscorrelation is independent of the signal amplitude since it is normalized based on the signal
energy. The cross-correlation in MATLAB helped align the two time series, one of which was
delayed with respect to the other. The cross-correlation measured the similarity between sEMG
(vector x) and pressure sensor signals (vector y) and shifted the copies of pressure sensor signals
as a function of the lag. In MATLAB,
[C,lag] = xcorr(mean_mocap,mean_srs);
C = C/max(C);
[M,I] = max(C);
t = lag(I);
here, [C,lag] = xcorr(mean_mocap,mean_srs) returned the lags at which the
correlations were computed and t = lag(I) denoted the time lag between the two time-series. The
lag was positive when the mean pressure sensor value occurred at a later time than the mean
sEMG (mean_mocap) value. The lag was negative when the mean SRS value occurred before
the mean sEMG value (refer Figure 3.6).
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Figure 3.6

3.4.2

Normalized cross-correlation function computing lag between two sensor data

Statistical Analysis:
The validity of the compression sensor was evaluated by comparing the processed

pressure sensor values to the sEMG values. A linear regression model was created based on the
sensor capacitance versus the sEMG amplitude for every trial performed. Pearson’s correlation
coefficient was used as a measure of statistical relationship, to determine the association between
the two continuous variables (Figure 3.7). This helped describe the pressure sensor response as a
function of the sEMG signals. The R-squared (R2), root mean square error (RMSE) and mean
absolute error (MAE) values were calculated based on the linear model to obtain the relative and
absolute goodness of fit. The MATLAB polyfit and polyval functions were used to fit the
data to the linear model. The polyfit function helps in curve fitting for numerical analysis
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while the polyval function returns a vector with the corresponding values of the polynomial.
Hence allowing to plot the polynomial function easily. The following steps were performed to
compute the R-square value from the polynomial fits:
1)

Creating two variables, X = signal_1 (normalized sEMG) and Y = signal_2

(normalized pressure sensor value)
signal_1=normalized_mocap(1:min_L)
signal_2=aligned_srs(1:min_L)

2)

Use polyfit function to compute a linear regression that predicts Y from X
p = polyfit(signal_1,signal_2,1)

3)

Call polyval function to use p to predict Y, calling the results of yfit:
yfit = polyval(p,signal_1)

4)

Compute the residual values as a vector of signed numbers
yresid = signal_2 – yfit

5)

Square the residuals and total them to obtain the residual sum of squares
SSresid = sum(yresid.^2)

6)

Compute the total sum of squares of y by multiplying the variance of y by the

number of observations minus 1
SStotal = (length(signal_2)-1) * var(signal_2)
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7)

Compute R2 using the formula given in the introduction of this topic
r_square_mocap = 1 - SSresid/SStotal

Further, the RMSE and MAE values were evaluated using the following functions:
RMSE_mocap = sqrt(mean((signal_1 - signal_2).^2))
MAE_mocap = sum( sum( abs(signal_1-signal_2) ) ) / length(
signal_1(:) )

Residual plots were used to verify the linear regression assumptions, allowing to confirm
or negate the individual regression assumptions. It also helped identify the outliers and assess the
adequacy of the fitted models (refer Figure 3.7)

Figure 3.7

Residual plot of linear model created for visual inspection
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Finally, a table was created, characterizing each of the trials with the average R2, RMSE,
and MAE values of all 36 participants to measure how well the pressure sensors modeled the
sEMG data. Similar to the Closing the Wearable Gap paper series, three metrics were considered
to determine whether the sensor configurations performed well at modeling the sEMG data. The
three metrics for comparison involved: (a) accuracy of pressure sensor performance, (b)
consistency in prediction performance, and (c) robustness across participants. The accuracy of
the pressure sensor in analyzing the handgrip forces was determined based on the R2 value,
which indicated a relationship between the pressure sensor data and the sEMG data. Both RMSE
and MAE values were used to measure how accurately the model predicts the amount of
variation between the SRS and sEMG data. The box-and-whisker plots were plotted for the R2,
RMSE, and MAE values to help understand the sensor data's consistency and robustness.
3.5

Results
The study evaluated the feasibility of the compression sensors to be used in a real-world

setting under static conditions for measuring the hand-handle interface forces. Based on the
capacitive pressure sensor arrangements with respect to the sEMG sensors, the results have been
divided into three parts, i.e., 1) Comparing pressure sensor data to the FCR sEMG placement; 2)
Comparing pressure sensor data to the FCU sEMG placement; 3) Comparing pressure sensor
data to the mean value of the sEMG sensors placed at FCR and FCU. The results of the study
have been tabulated to understand the pressure sensor performance with respect to the sEMG
sensor performances
1)

Comparing pressure sensor data to the FCR

The average value of R-square, RMSE, and MAE metrics are summarized in Table 3.2
for all 36 participants. The metrics in Table 3.2 have been sorted according to the Jamar
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dynamometer handle positions and the placement of StretchSense pressure sensors coinciding
with parts of the hands. The best results for each finger at various handle positions have been
identified in bold.

Table 3.2

Comparing averages of R2, RMSE, and MAE values for 36 participants to explain
the relationship between FCR and pressure sensor placements: best sensor
placement results are in bold.
Pressure sensor
Placement
Handle Index Finger
Position
Middle Finger
#2

Average
R2

Average RMSE

Average
- MAE

0.78

0.29

0.27

0.81

0.21

0.17

Ring Finger

0.73

0.22

0.17

Small Finger

0.61

0.28

0.24

Palmar Region

0.84

0.15

0.11

Handle Index Finger
Position
Middle Finger
#3

0.82

0.25

0.19

0.83

0.20

0.16

Ring Finger

0.79

0.19

0.15

Small Finger

0.74

0.22

0.18

Palmar Region

0.85

0.15

0.10
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Table 3.2 (continued)
Pressure sensor
Placement

Average
R2

Average RMSE

Average
- MAE

0.70

0.31

0.27

0.83

0.20

0.16

Ring Finger

0.68

0.27

0.21

Small Finger

0.56

0.29

0.25

Palmar Region

0.89

0.14

0.10

Handle Index Finger
Position
Middle Finger
#4

The box and whisker plots were used to understand the spread of data and check for
normality and the consistency of the values concerning the median value of the data. The boxes
provided information representing the interquartile range that contains 50% of the values, and the
whiskers represented the minimum and maximum values, including outliers represented by
circles. The middle line on the boxes represents the median of the dataset, and the symbol X in
the box represents the mean. The box and whisker plot helped capture the performance accuracy
of the pressure sensors across various handle positions and handle placements.

Figure 3.8

Box-and-whisker plot for R-squared values at different Jamar dynamometer handle
positions, for sEMG at the FCR.
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Figure 3.9

Box-and-whisker plot for RMSE values at different Jamar dynamometer handle
positions, for sEMG at the FCR.

Figure 3.10

Box-and-whisker plot for MAE values at different Jamar dynamometer handle
positions, for sEMG at the FCR.

Table 3.3 summarizes the data distribution for the Average R2 value inferred from
constructing the boxplot.
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Table 3.3

Box-and-whisker plot summary for the sEMG sensor placed at the FCR
Average R-Squared

Average RMSE

Average MAE

Handle
Position #2

Index
Finger

Middle
Finger

Ring
finger

Little
Finger

Palm
(Thenar)

Index
Finger

Middle
Finger

Ring
Finger

Little
Finger

Palm
(Thenar)

Index
Finger

Middle
Finger

Ring
Finger

Little
Finger

Palm
(Thenar)

Quartile 1
Quartile 3
Median
Mean (x)

0.69
0.82
0.79
0.72

0.73
0.90
0.82
0.77

0.59
0.83
0.79
0.68

0.38
0.86
0.62
0.62

0.81
0.91
0.87
0.85

0.20
0.39
0.30
0.31

0.13
0.29
0.22
0.23

0.16
0.29
0.23
0.24

0.18
0.36
0.25
0.29

0.12
0.20
0.15
0.17

0.18
0.42
0.28
0.30

0.09
0.25
0.18
0.19

0.12
0.24
0.18
0.19

0.08
0.16
0.12
0.12

0.12
0.20
0.15
0.17

Handle
Position #3

Index
Finger

Middle
Finger

Ring
finger

Little
Finger

Palm
(Thenar)

Index
Finger

Middle
Finger

Ring
Finger

Little
Finger

Palm
(Thenar)

Index
Finger

Middle
Finger

Ring
Finger

Little
Finger

Palm
(Thenar)

Quartile 1
Quartile 3
Median
Mean (x)

0.73
0.89
0.82
0.75

0.78
0.85
0.82
0.79

0.73
0.86
0.78
0.74

0.56
0.86
0.83
0.75

0.84
0.93
0.90
0.85

0.14
0.36
0.23
0.28

0.15
0.27
0.22
0.22

0.14
0.24
0.21
0.22

0.13
0.29
0.25
0.25

0.10
0.18
0.15
0.16

0.12
0.27
0.17
0.21

0.11
0.23
0.16
0.18

0.09
0.21
0.16
0.18

0.10
0.23
0.20
0.19

0.07
0.15
0.10
0.11

Handle
Position #4

Index
Finger

Middle
Finger

Ring
finger

Little
Finger

Palm
(Thenar)

Index
Finger

Middle
Finger

Ring
Finger

Little
Finger

Palm
(Thenar)

Index
Finger

Middle
Finger

Ring
Finger

Little
Finger

Palm
(Thenar)

Quartile 1
Quartile 3
Median
Mean (x)

0.60
0.85
0.73
0.64

0.80
0.86
0.84
0.79

0.58
0.81
0.69
0.66

0.32
0.79
0.57
0.57

0.85
0.92
0.91
0.89

0.22
0.41
0.30
0.32

0.19
0.24
0.21
0.22

0.18
0.37
0.26
0.28

0.21
0.34
0.27
0.30

0.12
0.16
0.15
0.15

0.18
0.36
0.24
0.28

0.13
0.19
0.18
0.17

0.13
0.31
0.20
0.23

0.19
0.31
0.22
0.26

0.09
0.12
0.10
0.11
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2)

Comparing pressure sensor data to the FCU

Similar to the previous results comparing the FCR sEMG values to the pressure sensor
values, we compared the values of the sEMG sensor placements on FCU to the pressure sensor
values placed on the Jamar dynamometer at different handle positions. As discussed above, FCU
is the most medial flexor muscle in the superficial compartment of the forearm and can adduct
and flex the wrist simultaneously. FCU acts in tandem with FCR to flex the wrist and the
extensor carpi ulnaris (ECU) to adduct the wrist. FCU and FCR are responsible for a large part
of the hand grip. In electrical studies of the wrist, the FCU is very active throughout the day and
likely the most active wrist muscle (Lim et al., 1999).
Table 3.4 compares the average R2, RMSE, and MAE values for the FCU sEMG
placement, explaining the relationship and goodness-of-fit between the pressure sensor values
and the sEMG values. The box-and-whisker plots were plotted for the three metrics mentioned
above to understand the relationship between the sensors by comparing the different data sets
and their interquartile ranges.
Table 3.4

Comparing averages of R2, RMSE, and MAE values for 36 participants to explain
the relationship between FCU and pressure sensor placements: best sensor
placement results are in bold

Handle
Position
#2

Pressure sensor
placement
Index Finger

Average R2
0.72

Average RMSE
0.21

Average MAE
0.17

Middle Finger

0.81

0.19

0.14

Ring Finger

0.73

0.19

0.14

Small Finger

0.60

0.29

0.24

Palmar Region

0.87

0.14

0.10
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Table 3.4 (continued)

Handle
Position
#3

Handle
Position
#4

Figure 3.11

Pressure sensor
placement
Index Finger

Average R2
0.74

Average RMSE
0.25

Average MAE
0.19

Middle Finger

0.77

0.19

0.14

Ring Finger

0.82

0.18

0.14

Small Finger

0.83

0.19

0.16

Palmar Region

0.90

0.13

0.09

Index Finger

0.76

0.23

0.19

Middle Finger

0.81

0.19

0.14

Ring Finger

0.76

0.23

0.18

Small Finger

0.79

0.21

0.18

Palmar Region

0.91

0.12

0.09

Box-and-whisker plot for R-squared values at different Jamar dynamometer
handles positions for sEMG at the FCU.
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Figure 3.12

Box-and-whisker plot for RMSE values at different Jamar dynamometer handle
positions for sEMG at the FCU.

Figure 3.13

Box-and-whisker plot for MAE values at different Jamar dynamometer handle
positions, for sEMG at the FCU.

Table 3.5 summarizes the median, mean, lower quartile, and upper quartile ranges of the
average R2 values obtained for the given experiment.
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Table 3.5

Box-and-whisker plot summary for the sEMG sensor placed at the FCU
Average R-Squared

Average RMSE

Average MAE

Handle
Position #2
Quartile 1
Quartile 3
Median
Mean (X)

Index
Finger
0.53
0.93
0.83
0.73

Middle
Finger
0.78
0.95
0.91
0.82

Ring
Finger
0.49
0.96
0.84
0.79

Little
Finger
0.30
0.83
0.64
0.60

Palm
(Thenar)
0.86
0.94
0.91
0.87

Index
Finger
0.13
0.25
0.20
0.22

Middle
Finger
0.11
0.20
0.15
0.19

Ring
Finger
0.11
0.27
0.19
0.19

Little
Finger
0.19
0.35
0.26
0.29

Palm
(Thenar)
0.10
0.18
0.14
0.15

Index
Finger
0.11
0.22
0.15
0.17

Middle
Finger
0.08
0.17
0.11
0.15

Ring
Finger
0.09
0.17
0.14
0.15

Little
Finger
0.15
0.30
0.21
0.24

Palm
(Thenar)
0.07
0.14
0.10
0.11

Handle
Position #3
Quartile 1
Quartile 3
Median
Mean (X)

Index
Finger
0.50
0.94
0.90
0.78

Middle
Finger
0.60
0.95
0.86
0.78

Ring
Finger
0.75
0.93
0.89
0.82

Little
Finger
0.82
0.92
0.86
0.84

Palm
(Thenar)
0.89
0.95
0.93
0.90

Index
Finger
0.12
0.31
0.15
0.25

Middle
Finger
0.09
0.26
0.17
0.19

Ring
Finger
0.11
0.21
0.16
0.18

Little
Finger
0.11
0.26
0.22
0.19

Palm
(Thenar)
0.09
0.18
0.14
0.14

Index
Finger
0.11
0.20
0.14
0.20

Middle
Finger
0.06
0.17
0.10
0.14

Ring
Finger
0.06
0.18
0.14
0.14

Little
Finger
0.08
0.22
0.19
0.16

Palm
(Thenar)
0.06
0.12
0.10
0.10

Handle
Position #4
Quartile 1
Quartile 3
Median
Mean (X)

Index
Finger
0.69
0.94
0.86
0.77

Middle
Finger
0.78
0.92
0.87
0.81

Ring
Finger
0.73
0.91
0.82
0.77

Little
Finger
0.76
0.90
0.81
0.79

Palm
(Thenar)
0.89
0.95
0.93
0.91

Index
Finger
0.16
0.27
0.21
0.23

Middle
Finger
0.13
0.23
0.17
0.19

Ring
Finger
0.15
0.29
0.20
0.23

Little
Finger
0.15
0.26
0.23
0.22

Palm
(Thenar)
0.10
0.14
0.13
0.13

Index
Finger
0.15
0.21
0.17
0.19

Middle
Finger
0.09
0.18
0.15
0.15

Ring
Finger
0.10
0.26
0.16
0.18

Little
Finger
0.13
0.22
0.20
0.19

Palm
(Thenar)
0.07
0.11
0.10
0.10
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3)

Comparing pressure sensor data to the mean value of the sEMG at

FCR and FCU
The forearm comprises multiple muscles that are close together and have variable degrees
of common function and a relatively limited surface area on the overlying skin to place the
sEMG recording electrodes. Mogk & Keir (2003) presented a study determining common signals
or crosstalk present between sEMG electrode pairs circumferentially around the proximal
forearm. The authors used a cross-correlation function to determine the amount of common
signal, which was found to decrease as the distance between electrode pairs increased but was
not significantly altered by the forearm posture (Mogk & Keir, 2003). Thus, for the given
section, the mean muscle activity of the FCU and FCR were evaluated to determine the effects of
common signals and relative pressure sensor performance.
A linear regression approach was used to determine the relationship between the mean
FCR and FCU sEMG values and the pressure sensor, like the above results. A modification was
made in the programming code to integrate the means of the two sEMG signals rather than just
using one sEMG signal for data analysis. Table 3.6 represents the average value of the
comparison metrics, i.e., R2, RMSE, and MAE values at various handle positions. Combined
with, the box-and-whisker plots were also generated for the earlier metrics better to understand
the distribution and skewness of the data and provide a visual assessment.
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Table 3.6

Comparing averages of R2, RMSE, and MAE values for 36 participants to explain
the relationship between the mean of FCR and FCU and pressure sensor
placements: best sensor placement results are in bold
Pressure sensor
placement

Average
R2

Average
- RMSE

Index Finger

0.68

0.22

Average MAE
0.18

Middle Finger

0.87

0.14

0.11

Ring Finger

0.73

0.19

0.14

Small Finger

0.63

0.26

0.21

Palmar Region

0.88

0.13

0.09

Handle
Index Finger
Position#3
Middle Finger

0.78

0.17

0.13

0.86

0.13

0.09

Ring Finger

0.73

0.19

0.15

Small Finger

0.76

0.21

0.17

Palmar Region

0.89

0.13

0.09

Index Finger

0.83

0.20

0.18

Middle Finger

0.87

0.15

0.12

Ring Finger

0.81

0.19

0.16

Small Finger

0.70

0.24

0.22

Palmar Region

0.92

0.11

0.09

Handle
Position
#2

Handle
Position
#4
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Figure 3.14

Box-and-whisker plot for R-squared value at different Jamar dynamometer handle
positions for the mean of sEMG at FCR and FCU

Figure 3.15

Box-and-whisker plot for RMSE value at different Jamar dynamometer handle
positions for the mean of sEMG at FCR and FCU

Figure 3.16

Box-and-whisker plot for MAE value at different Jamar dynamometer handle
positions for the mean of sEMG at FCR and FCU
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Table 3.7 further compares the average R2 values for the first quartile, third quartile,
mean and median values of the generated box plots, depicting the concentration values of the
data.
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Table 3.7

Box-and-whisker plot summary for mean sEMG sensor values positioned at the FCU and FCR
Average R-Squared

Average RMSE

Average MAE

Handle
Position #2
Quartile 1
Quartile 3
Median
Mean (x)

Index
Finger
0.44
0.92
0.75
0.68

Middle
Finger
0.83
0.95
0.93
0.87

Ring
Finger
0.48
0.95
0.84
0.73

Little
Finger
0.42
0.89
0.67
0.64

Palm
(Thenar)
0.85
0.94
0.93
0.88

Index
Finger
0.13
0.32
0.19
0.23

Middle
Finger
0.09
0.19
0.12
0.15

Ring
Finger
0.10
0.30
0.18
0.19

Little
Finger
0.18
0.35
0.24
0.26

Palm
(Thenar)
0.10
0.16
0.13
0.14

Index
Finger
0.10
0.25
0.16
0.18

Middle
Finger
0.06
0.14
0.09
0.12

Ring
Finger
0.08
0.18
0.15
0.15

Little
Finger
0.14
0.28
0.21
0.21

Palm
(Thenar)
0.06
0.12
0.09
0.10

Handle
Position #3
Quartile 1
Quartile 3
Median
Mean (x)

Index
Finger
0.49
0.94
0.92
0.78

Middle
Finger
0.83
0.96
0.95
0.86

Ring
Finger
0.60
0.90
0.76
0.73

Little
Finger
0.58
0.92
0.87
0.77

Palm
(Thenar)
0.90
0.95
0.93
0.89

Index
Finger
0.12
0.28
0.13
0.19

Middle
Finger
0.08
0.19
0.10
0.14

Ring
Finger
0.12
0.27
0.18
0.20

Little
Finger
0.11
0.29
0.23
0.22

Palm
(Thenar)
0.09
0.17
0.11
0.13

Index
Finger
0.10
0.18
0.11
0.14

Middle
Finger
0.06
0.12
0.09
0.09

Ring
Finger
0.08
0.22
0.14
0.16

Little
Finger
0.08
0.23
0.20
0.18

Palm
(Thenar)
0.06
0.21
0.16
0.15

Handle
Position #4
Quartile 1
Quartile 3
Median
Mean (x)

Index
Finger
0.73
0.95
0.89
0.83

Middle
Finger
0.80
0.93
0.87
0.88

Ring
Finger
0.76
0.88
0.80
0.81

Little
Finger
0.70
0.86
0.81
0.75

Palm
(Thenar)
0.90
0.95
0.93
0.92

Index
Finger
0.15
0.24
0.19
0.21

Middle
Finger
0.11
0.18
0.16
0.15

Ring
Finger
0.15
0.24
0.17
0.19

Little
Finger
0.15
0.30
0.21
0.24

Palm
(Thenar)
0.10
0.14
0.12
0.12

Index
Finger
0.13
0.20
0.15
0.18

Middle
Finger
0.08
0.16
0.12
0.12

Ring
Finger
0.09
0.22
0.14
0.16

Little
Finger
0.11
0.28
0.19
0.22

Palm
(Thenar)
0.07
0.11
0.09
0.09
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3.6

Discussion
The study investigated the relationship between the pressure sensor data and the sEMG

data under static conditions to understand if the pressure sensors could be used as an alternative
to investigating the distribution of forces throughout the hand while gripping an object in
industrial settings. Many previous articles have proven that sEMG signals effectively measure
muscle activation (Barański & Kozupa, 2014; Bartuzi et al., 2012; Disselhorst-Klug et al., 2009).
The study aimed at validating a method to directly measure grip force rather than using indirect
evaluation of handgrip forces, one of which includes asking the worker to replicate the grip force
similar to that of the industrial setting in a laboratory. Self-reporting is highly biased by
subjectivity and unreliable (van der Beek et al., 1999).
Grip strength signals from the sEMG were compared to the grip force values measured
by the pressure sensor at three different handle positions of the Jamar dynamometer. Two
muscles were examined to estimate the grip forces as they flex the hand strongly and are situated
most superficially. Flexor carpi ulnaris and flexor carpi radialis were chosen for estimating hand
grip forces, as suggested by Barański & Kozupa, (2014). The grip force analysis comparing the
pressure sensor values to the sEMG values was divided based on the muscle group for a better
understanding of the force-response relationship of the hand. This section outlines the findings
for each targeted muscle and the pressure sensor response respective to those muscles.
1) Comparing pressure sensor data to sEMG sensors at FCR:
The average R2, RMSE, and MAE values from 36 participants during the gripping trial
are shown in Table 3.1. A good R2 average was observed for the index finger (0.78),
middle finger (0.81), and the palmar/ thenar region (0.84) at the second handle position.
As the handle size was increased to position 3, the R2 average increased for the index
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finger (0.82), middle finger (0.83), and thenar region (0.85) increased by some point
values. Also, the ring finger (0.79) showed a good R2 average at the third handle position.
For the fourth handle position, a high R2 average was observed only for the middle finger
(0.83) and the thenar region (0.89).
It can be seen that when the Jamar dynamometer was at the second handle position, the
middle finger and thenar region had a high R2 average value as compared to the other
sections of the hand. The index finger, middle finger, and the thenar region showed a
high R2 average value for the third handle position, followed by the ring finger. As the
handle size increased to the fourth position, only the middle finger and the thenar region
displayed a high R2 value compared to the rest of the hand sections. The average R2
change can be explained by muscular activity collected by sEMG sensors at the FCR
during the gripping task. The primary function of the FCR is providing flexion to the
wrist and assisting in the abduction of the hand and the wrist. The FCR tendon inserts at
the bases of the second and the third metacarpal bones, which can be a reason for lower
average R2 values at the ring and the little finger for various handle positions.
The thenar muscles of the palmar region are active in most grasping activities
(except for hook grip), regardless of the precision position of the thumb (Long et al.,
1970). Thus, contributing to the hand grip forces in the palmar region. The activity of the
thenar muscle varies with the grip of the width, with the carpometacarpal rotation
required, and with increased pressure or resistance (Levangie & Norkin, 2011; Long et
al., 1970). The thenar muscle articulation can explain the variations in the average R2
value across the palmar region for various grip handle positions.
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2) Comparing pressure sensor data to sEMG sensors at FCU:
A high average R2 value was observed for the middle finger and the thenar region of
the handle at the second handle position, similar to the previous FCR results. For the
third and the fourth handle positions, almost all the hand sections demonstrated a
good average R2 value compared to the results observed for the previous comparison.
The results can be explained based on the volar wrist musculature and the gripping
position.
The FCU tendon crosses the wrist at a greater distance from the wrist radial/ulnar
deviation axis than the FCR muscle. Thus, the FCU muscle is more effective in its
ulnar deviation function. The FCU muscle can exert the greatest tension of all wrist
muscles, giving it exceptionally functional relevance (Levangie & Norkin, 2011).
While gripping the Jamar dynamometer, the cylindrical grip is typically performed
with the wrist in neutral flexion/ extension and a slight ulnar deviation due to the
weight of the Jamar dynamometer. Muscles of the hypothenar eminence and thenar
eminence are usually active in a cylindrical grip (Levangie & Norkin, 2011).

3) Comparing pressure sensor data to the mean value of the sEMG sensors at FCR and
FCU
A study conducted by Mogk & Keir (2003) addressed the issue of crosstalk in sEMG
of the proximal forearm during gripping tasks. Over 60% of the common signal was
detected between neighboring sites on the flexor aspect of the forearms. The study
suggested that grasp trials have slightly higher R2 values than pinch trials due to more
concerted efforts of the musculature to stabilize the wrist while producing the
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gripping force (Mogk & Keir, 2003). The current experiment also aims to find the
effect of sEMG crosstalk on gripping activity and changes in the pressure sensor
performance.
A comparison between the average R2 values across the sEMG sensor placements
suggests a slight increase in the average R2 value when the FCU and FCR signal
means were considered, similar to Mogk & Keir (2003). The change in the average R2
values has been computed in Table 3.8.

Table 3.8

Comparing average R-Squared values of sEMG at the FCU and the FCR to the
mean sEMG signal values of the FCU and FCR, an increase in the average Rsquared values is indicated in bold.

Dynamometer
Handle Position

Pressure sensor
Placement

FCR

FCU

FCR and FCU
Mean

Handle Position
#2

Index Finger
Middle Finger
Ring Finger
Little Finger
Palm Region

0.78
0.81
0.73
0.61
0.84

0.72
0.81
0.73
0.60
0.87

0.68
0.87
0.73
0.63
0.88

Handle Position
#3

Index Finger
Middle Finger
Ring Finger
Little Finger
Palm Region

0.82
0.83
0.79
0.74
0.85

0.74
0.77
0.82
0.83
0.90

0.78
0.86
0.73
0.76
0.89

Handle Position
#4

Index Finger
Middle Finger
Ring Finger
Little Finger
Palm Region

0.70
0.83
0.68
0.56
0.89

0.76
0.81
0.76
0.79
0.91

0.83
0.87
0.81
0.70
0.92
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The results show that the contact pressures of considerable magnitude develop within the
hand-handle interface, while the magnitudes of peak pressure strongly depend on the handle size.
This result can also be inferred from the previous studies, where the contact forces developed at
the hand-handle interface pressures and the effective contact area, which would depend on the
handle size (Aldien et al., 2005; Kozin et al., 1999; Methot et al., 2010). The results show
considerable variation in the peak pressures, as evident from varying values of correlation (R2),
measured for the different subjects under different combinations of dynamometer handle
positions. The results also show the consistent location of high-pressure zones, irrespective of the
handle position (Refer Table 3.8). The mean peak pressure for all subjects and all handle sizes
lies in the palm's upper lateral side in the vicinity of the thenar region.
From the results obtained, we can see that the correlation values corresponding to the ring
and little finger are comparatively less than the other hand regions. These lower R2 values can be
attributed to the length-tension relationship of the finger's long flexors and extensor muscles.
Grip strength results from the interaction between joints, muscles, and tendons and is altered by
variations in these factors. The gripping activity involves the long flexors and extensor muscles
of the fingers and the thumb originating from the radius and ulna in the forearm and from the
medial and lateral epicondyles of the humerus. The long flexors and extensors work
synergistically to stabilize the intermediate joints like the wrist while allowing maximum
contraction at the joint (Levangie & Norkin, 2011). Since all muscles have an optimal length at
which they produce maximal contraction, any external lengthening or shortening of the muscle
fibers of the long flexors and extensors of the fingers can reduce their ability to contract
maximally. The length-tension relationship of the muscles plays a major role in the grip strength
as when extended or flexed, a change in the length of the muscle will affect the ability of that
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muscle to create tension, thereby affecting the grip strength. According to Frank Starling’s Law
of physiology, there is a relation between the length of the sarcomeres and the tension of the
muscle fibers. There is an optimal length between sarcomeres at which the tension in the muscle
fibers is the greatest, resulting in the greatest force of contraction. If the sarcomeres are closer or
farther apart than this optimal length, there will be a decrease in the tension and strength of
contraction (Delicce & Makaryus, 2022).

4) Grip strength is an objective measurement of functions in the upper extremity; the
device used to measure the grip strength must be reliable and accurate. Measurement
of the flexion strength of each finger contributing to the grip and the total strength is a
piece of valuable information. The clustered column chart was used to compare the
individual digit contribution to the total grip strength to assess the reliability of the
pressure sensor measurement at multiple handle sizes. The clustered column
comparison chart also allows one to visually understand each finger force's
contribution to the total grip strength (refer Figure 3.17). Several studies have
demonstrated that the index finger, middle finger, and the thenar region together
contribute to the grip strength than the ring and small finger. The radial side of the
hand contributes to a greater proportion of the overall grip than the ulnar side (60%
radial and 40% ulnar) (MacDermid et al., 2004; Methot et al., 2010; Talsania &
Kozin, 1998). Though not statistically, the clustered column suggests similar results
as the studies mentioned earlier, showing that the thenar region, the index finger, and
the middle finger have a more significant contribution to grip strength.
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Figure 3.17

Individual finger contribution to grip strength as measured by pressure sensors for different dynamometer handle
positions: (A) Individual finger contribution to grip strength measured to sEMG at the FCR; (B) Individual finger
contribution to grip strength measured to sEMG at FCU; (C) Individual finger contribution to total grip strength
measured by taking the mean of sEMG signals at FCU and FCR
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3.7

Limitations and Future Scope
The current study was limited to assessing and validating pressure sensors across

cylindrical grips using the hand dynamometer under static conditions. Further studies can include
pressure sensors for measuring pinch grip/ precision grip strength. The current pressure sensors
were manufactured in a standard size and had limited applications due to their size. The
StretchSense pressure sensor is thin enough to be worn under compression garments and
performs at a high sampling rate of 285 Hz, allowing measurement of abrupt pressure changes
for physiological applications (Lao et al., 2019). However, these flexible capacitors are produced
in a standard size, limiting their force and pressure measurement application.
The current study included placing the sEMG electrodes across the FCR and FCU, which
are very close on the forearm region. The potential for surface electrodes to record signals
common to multiple muscles was a concern addressed in the research. Future studies can avoid
placing adjacent electrode pairs but rather target one flexor muscle and one extensor muscle at a
time, thereby increasing the distance between the two electrodes to avoid sEMG crosstalk.
3.8

Conclusion:
Measurement of hand exertion has been quantified to be one of the essential factors in

quantifying the risk of WMSDs in an occupational setting. Subjective self-reporting and
observational methods have been widely applied to quantify working posture assessment and
estimate hand grip forces. The current study presents a new method for directly analyzing the
hand forces using compression sensors. The study validates the use of compression sensors and
their effectivity for measuring hand forces when applied across the dynamometer surface. As the
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results of this study offer a quantitative value of handgrip strength, it would help in
understanding the hand functions and quantifying results for various handle positions.
Quantifying grip forces applied to hand tools is an important component of an ergonomic
evaluation. Knowledge of applied grip forces associated with hand tool use is essential in
identifying high-risk techniques or task elements. The study aimed to validate if the pressure
sensors could be used to analyze the human grip patterns. The main advantage of the method
proposed in the study is the possibility of measuring the grip strength directly, in an out-of-lab
setting, employing pressure sensors, thereby simplifying the measurement st-up. Furthermore,
we could observe that the use of pressure sensors represented how the hand interacts with the
tool, helping us understand the direct correlation between the handgrip forces and human muscle
articulation.
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CHAPTER IV
EVALUATING GRIP FORCES IN DYNAMIC CONDITION TO EXPLORE PRESSURE
SENSOR’S FEASIBILITY FOR APPLICATION TO SINGLE-HANDED TOOLS
4.1

Introduction
Hand or power tools are a part of our daily lives and are present in nearly every industry.

These tools help us efficiently perform tasks that otherwise would be difficult or impossible.
However, these simple tools can be hazardous and have the potential to cause severe injuries
when used improperly. Repetitive and forceful exertions, particularly if combined, are generally
responsible for a large proportion of the CTD. While there is no definitive statement about what
constitutes high repetitiveness or exertion of force, Silverstein (1985) proposed that
repetitiveness may be defined as a cycle of time less than 30 seconds or more than 50% of the
cycle time spent performing the same fundamental motion. Silverstein also suggests that high
force may be considered a causative factor for the onset of CTD. Hand and wrist postures are
also important factors that pose biomechanical stresses to the joints and tissues (Barbara A.
Silverstein, 1985). Chronic disorders range from poorly defined musculoskeletal discomfort/pain
syndromes to well-defined clinical entities like cumulative traumas such as carpal tunnel
syndrome. Silverstein et al. (1987) observed that in work with a high degree of repetitiveness and
high manual force exertion, carpal tunnel syndrome was 15 times higher than in jobs with low
repetitiveness and low force exertions (Barbara A. Silverstein et al., 1987).
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Several research studies show that manufacturing workers are most often injured by hand
tools (powered/non-powered), followed by the retail trade and construction industry (Myers &
Trent, 1988). Both manual and power tools require that the operators produce forces at varying
levels for performing specific tasks. Safe operations of tools require that an operator support it
adequately in a particular position and apply necessary force while reacting against the force
generated by the tool itself. Force demands that exceed the operator’s strength capabilities may
require an operator to make substantially greater exertions than necessary, leading to muscle
fatigue and eventually causing musculoskeletal disorders (Myers & Trent, 1988; Radwin, 2007;
B A Silverstein et al., 1986; Barbara A. Silverstein et al., 1987). Several work factors affect the
health and performance of hand tool users. Since poor design and excessive use of hand tools
lead to the exertion of large grip forces, extreme wrist and finger deviations, high local pressures
on the hand, unsuitable postures, and repetitive movements, hand tools are implicated in large
proportions of upper extremity musculoskeletal disorders. Experimental and epidemiological
studies support the view that poor designs and excessive hand tools can lead to accidents,
fatigue, and musculoskeletal disorders (Kihlberg & Hagberg, 1997; Marras & Schoenmarklin,
1993; MITAL, 1991; B A Silverstein et al., 1986). Factors that tools might have to cause
injuries include:
Contact stress: Contact stresses are produced when parts of the body come in contact with
hard, sharp objects, resulting in forces being transmitted through the skin to underlying structures
such as tendons and nerves. Some body areas are better suited to bearing contact stress than
others. The skin on the back of the hand and sides of the fingers, for instance, is much thinner
than on the palmar side and less suited for exerting loads. Body regions where tendons, nerves,

91

blood vessels, and bones are located close to the tool's surface are the most susceptible to the
injury (Radwin et al., 1989; WorkSafeBC, 2004).
Feed forces and force exertion: In addition to supporting the hand tool load, hand tool
operators often must exert push or feed force or act against the reaction forces. Feed force is
necessary to start a threaded fastener and is affected by the work material or the tool's design. As
the feed force increases, the surface pressure on the fingers and hand increases, causing painful
compression of nerves and blood vessels and increasing the discomfort level of the operator
(Carlsöö & Mayr, 1974; Singh & Khan, 2010).
Reaction forces and reaction torques: Hand tools also generate forces that, in turn, can act
against the operator. The force generated and the way the force is directed back to the operator
are influenced by the hand tool capacity, its dimension, and the handle shape. These reaction
forces produced by hand-held power tools affect extrinsic hand muscles in the forearm
(Greenberg & Chaffin, 1977). Torque reaction acting against the hand can affect extrinsic
muscles in the forearms, and hence grip exertions, through a reflex response. Reducing torque
reaction time may decrease the operator’s exposure to reaction forces but may have undesirable
effects of increasing grip exertions due to reflex responses of the muscles (J.-H. Lin et al., 2007).
Carlsöö and Mayr (1974) also demonstrated that the reaction force produced by a pneumatic
hammer triggered a stretch reflex and suggested that the repetitive stretching of the muscles
caused by this reflex could account for the wrist joint pain often presented by frequent users of
impact tools (Carlsöö & Mayr, 1974).
Awkward working posture: Tool handle shape and location of the work can affect the
posture a worker must assume. Hand tools are often used where the space is limited and access is
difficult. When the hand holds and uses a tool in an awkward position, it has less strength and is
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susceptible to soreness and eventual injury. Awkward positioning of the upper body considerably
increases the efforts needed to complete the task resulting in fatigue, discomfort, and pain,
adding further to the risk of developing injury (Armstrong et al., 1984). Poor wrist positioning
can also lead to repetitive strain injuries. Awkward postures such as those where the wrist is
hyper flexed or extended stretch the underlying tendons and blood vessels over the rigid carpal
bones or wrist ligaments, thereby increasing the risk of CTD (Armstrong et al., 1986; Yassi,
1997).
Static load on the upper body and muscles: Static load or efforts occurs when muscles are
kept tense or motionless. Adding the exertion of force required by hand tools increases the static
load. The static effort holding any strained position for a period is a particularly undesirable
component in any work situation. Static effort increases the pressure on the muscles and tissues,
tendons, and ligaments. It also reduces blood flow which causes localized fatigue at a much
quicker rate than expected by performing dynamic work (Grandjean & Kroemer, 1997). The
static loading of arm and shoulder muscles from holding a tool in a given position causes fatigue
and reduced productivity with muscle soreness. Muscles tired by static work take more than ten
times longer to recover from fatigue (Wiker et al., 1989).
Duration and Frequency of use: The duration and repetitiveness of using a hand tool
profoundly increase the risk of occupational injury, either alone or in combination with multiple
factors (tool design, vibrational characteristics, tool weight, etc.). Both duration of work and
repetitiveness has been studied experimentally. Greenberg et al. (1977) reported that 2.5kg held
in one hand leads to significant muscle fatigue within 20 minutes, even with a comfortable work
posture. With extended or raised arms, or in individuals with reduced muscle strength, time to
fatigue is markedly reduced. In repetitive exertions, the duration of each exertion and the time
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and the ensuing rest period influence the time it takes to reach subjective fatigue (Greenberg &
Chaffin, 1977).
Design of tool grip: The dexterity of the hand permits various grips, the two most basic
grips being power grip and precision grip. Designing a tool grip includes numerous factors such
as forearm angles, grip and tool, grip thickness, grip length, grip force, grip shape, grooves,
indentations, and guards. The tool's handle is the interface between the operator and the tool. All
forces associated with the task are transmitted between the hand and the handle. The shape of the
handle affects the wrist and arm posture. Firm grips result in compression of soft tissues in the
palm and fingers, which may obstruct blood circulation resulting in numbness and tingling
(Halim et al., 2019).
Tool grip material/ texture: The texture at the tool contact area is an important element
because of the degree of friction between the tool handle and the skin, which will vary according
to the factors such as environmental temperature, skin texture, and individual physiology. A
slippery finish demands added energy expenditure for tool retention. A too coarse tool can lead
to discomfort, skin irritation, and diminished efficiency. Correct grip texturing prevents
significant energy dissipation for tool retention and provides a secure relationship with the tool,
permitting a maximum transfer of energy into the work assignment. Broad grooving of tool
handles inhibits the transfer of maximum force and can produce discomfort by a low surface area
of skin contact and by pinching the skin in handle depressions during rotational movement,
further injuring joint structures and annular ligaments (Meagher, 1987; Muggleton et al., 1999).
Tool weight and tool weight distribution: Heavy tools, by virtue of their weight alone,
can cause intrinsic muscle strains, muscle spasms, myositis, tendonitis, and epicondylitis when
they are used repetitively. Every individual’s tissue has a threshold of resistance to pathological
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changes. The mere performance of work with heavy tools or machines can cause unusual
pressure on nerves, tendons, muscles, and bony prominences (Radwin & Jonathan, 1996). The
weight of the tool and distribution of the load within the tool affect the way the operator holds
the tool, whether one or both hands are required to stabilize the tool, the amount of time an
operator can hold the tool, and the precision with which it can be manipulated (Radwin et al.,
1990).
Tool center of gravity: The tool's center of gravity must be aligned with the center of the
gripping hand. This principle allows the wrist to be free from the moment (rotational force)
caused by the tool weight. A considerable distance between the tool center of gravity and the
hand center may stress the wrist and reduce grip strength (Radwin & Jonathan, 1996).
Design of trigger: Many powered tools are activated by a trigger, operated either by the
thumb or several fingers. The trigger often needs to be activated regularly for a prolonged period
which may cause a problem as it requires some precision simultaneously with force exertion, i.e.,
holding and guiding the tool, leading to muscle fatigue (Carlsöö & Mayr, 1974). Trigger sizes
and types significantly affect the finger and palmar forces. Triggers extending far from the
handle make it necessary to use distal finger segments. Using the distal phalanx to actuate tool
trigger contributes to tendon stress (Radwin et al., 1987).
Tool vibration characteristics: Vibration can be a by-product of power hand tool
operation, or even the desired action, as with abrasive tools such as sanders or grinders.
Vibration levels depend on tool size, weight, method of propulsion, and the tool drive
mechanism. It is affected by work material properties, disk abrasives, and abrasive surface area.
Continuous vibration is inherent in reciprocating and rotary power tools (Streeter, 1970).
Impulsive vibration is produced by shock and impact action tools, such as impact wrenches or
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chippers. The tool power source (air power, electricity, or hydraulics) also affects vibration.
Vibration is also generated at the tool-material interface by cutting, grinding, drilling, or other
actions. Vibration may increase the risk of chronic tendon and nerve disorders by increasing the
force exerted in repetitive manual tasks (Myers & Trent, 1988). Studies of the short-term
neuromuscular effects have shown that hand tool vibration can introduce disturbances in
neuromuscular force control, resulting in excessive grip exertions in holding a vibrating handle
(Jaffar et al., 2011). These studies demonstrated that grip exertions increase with tool vibration.
Average grip force increased for low frequency (40 Hz) vibration but did not change for higherfrequency (160 Hz) vibration. Since forceful exertions are a commonly cited factor in chronic
disorders of the upper extremity muscles, tendons, and nerves, these studies show that vibrating
hand tool operation might increase the risk of CTDs by increasing the grip force (Radwin et al.,
1987). Vibration has also been shown to produce temporary sensory impairments (Singh &
Khan, 2010)
4.2

Purpose of the Study:
•

Examine whether the pressure sensors could be used to estimate hand grip forces
with reasonable accuracy while performing dynamic industrial tasks.

Direct measurement of handgrip force using a wearable sensor provides an excellent
opportunity for precise and unobtrusive ergonomic evaluation of tasks. Force monitoring is
essential for a movement-performance evaluation. Such a control system employing force
feedback can provide the user with information on regulating their grip forces under different
object manipulations. This study aims to evaluate the applicability of the pressure sensors for
measuring grip forces when coupled with frequently used tools such as power drill, hammer, and
wire crimper. As discussed in the previous chapters, the dexterity of the hand provides various
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kinds of grips. This study investigates the levels of grip forces applied by the hand while
gripping a single-handed powered/ non-powered hand tool using pressure sensors. Hammer and
wire crimper have been considered one of the highest injury causing non-powered hand tools,
while among the powered tools, drills have been involved in more injuries than any other hand
tool (Amna et al., 2021; Anandaraj et al., n.d.; Cardoso et al., 2019; Ghosh et al., 2011; Sugiono
et al., 2019; Vadivel et al., 2022). Drills and hammers have also been identified as tools that have
the most lost time associated with them (Mathiowetz et al., 1985, Anandaraj et al., n.d.; Arif &
Ahmad, 2022).
Additionally, the performance of repetitive tasks reduces grip strength (Abdelmagid et
al., 2012). After performing the repetitive hand activities, re-evaluating handgrip strength in
participants would help us measure grip endurance over multiple repetitions, which is why the
participant’s grip strength was re-evaluated after the dynamic experiment.
4.3
4.3.1

Method:
Study Design:
The experimental set-up involved real-time grip force measurements for powered (drill)

and nonpowered (hammer and wire wrench) hand tools. A realistic model workplace was set up
in the HPL at the CAVS research center. The experimental testing measures the hand-handle
interface force production using the MotionMonitorTM XGen (TMM XGen) (Innovative Sports
Training, Inc., Chicago, IL, USA) 3D motion capture system (MOCAP) in conjunction with the
Stretchsense pressure sensors and sEMG. The sEMG was used in simultaneity with the pressure
sensors, and MOCAP was used to measure the muscle activity relative to the force produced
during the grasping tasks. Biomechanical overload is considered one of the main risks in the
industrial environment and possibly the primary source of upper body musculoskeletal disorders
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(National Research Council (U.S.). Panel on Musculoskeletal Disorders and the Workplace &
Institute of Medicine (U.S.), 2001). The study intended to evaluate the quantitative usefulness of
pressure sensors for assessing the hand-handle interface forces. The goal of integrating the
sEMG and MOCAP systems with the pressure sensors was to help evaluate kinematic and
muscle activity patterns and provide insight into the pressure sensors' functionality. The study
design included an initial familiarization session conducted prior to the experimental testing.
During the familiarization session, each participant was briefed on the procedures and provided
an opportunity to perform a few experiment sessions to get themselves accustomed to the work
environment.
4.3.2

Instrument & Participant Preparation:
During the testing, each participant was prepped by mounting all the sensing components

on the participant’s dominant hand, as follows:
1. The sEMG sensors were placed along with the flexor carpi ulnaris muscle and the
flexor carpi radialis muscle, carried along from the previous study.
2. The participant was then provided with an elbow sleeve, customized by MSU
Athlete Engineering Team, with hook and eye and press buttons fastenings to
attach a stretch sensor and the BLE module. The elbow sleeve size
(small/medium/large) depended upon the circumference of the elbow when
slightly bent, about 30-degree flexion (Figure 4.1).
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Figure 4.1

MSU Athlete Engineering customized elbow sleeve

The researcher made sure that the elbow sleeve fit skin-tight on the participant to
increase the stretch response to the elbow’s movements and reduce the effect of
garment shift during the experiment. In stretch-based sensor systems, skin-tight
clothes have also been demonstrated to provide lower accuracy errors than loosefitting garments (Gioberto, 2013). The participants were asked to wear the elbow
sleeve such that the lower half of the sleeve lay over their forearm while the upper
half of the sleeve lay above their elbow, on the upper arm, as shown in Figure 4.3.
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3. The BendLabs bi-axial sensor used for estimating wrist positions was placed over
the area where the skin has maximum deformation during the wrist motion, i.e.,
on the middle of the junction of the wrist and palm. The BendLabs sensors were
attached to the wrist skin with the help of a gaffer tape to avoid sliding of sensors
during the wrist motion. The BLE module for the BendLabs sensors comes with a
preloaded firmware to connect to the BendLabs sensors app, developed by
NSPARC at MSU. The BendLabs sensor BLE module was attached to the
participant’s hand encased as a wrist band, allowing the participant ease of task
implementation and flexibility (Figure 4.2).

Figure 4.2

BendLabs sensor positioning on the subject’s dominant hand.
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4. The researcher then attached the StretchSense stretch sensor to the elbow sleeve's
posterior side using the hook and eye fastening method, as shown in figure 4.3.
The stretch sensor location was determined to cause it to be stretched
considerably when the elbow joint moves from full extension to full flexion
position.

Figure 4.3

Stretch sensor and BLE module placements on the elbow sleeve

5. For the MOCAP data to be collected, the reflective motion capture clusters were
placed on the participant’s dominant upper extremity: the upper arm, forearm, and
hand. The researcher then calibrated the participant to create a generic definition
of their skeleton to record the kinematic motions.
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Figure 4.4

Placement of MOCAP cluster markers on participant’s dominant hand, forearm,
and upper arm.

6. The researcher finally attached the pressure sensors to the handle surfaces of the
tool. The pressure sensors were attached around the tool's palm and finger contact
regions to provide a better estimate of the force. The number of sensors attached
to the tool depended on the different configurations of the tool handles. These
sensor placements helped avoid gaps and covered the entire palm and finger
contact surface area with respect to the tool handling. The pressure and stretch
sensors were then connected to the BLE module, which was attached to the elbow
sleeve using the snap-fastening method.
The motion capture data was sampled at 250Hz via TMM XGen. The compression and
stretch sensor data was sampled at 250Hz, using the SSTK application developed by the MSU
Athlete Engineering Team. The sEMG data was captured at 1500Hz, running simultaneously
with the motion capture. The BendLabs bi-axial sensor data was captured using the BendLabs
app at 250Hz.
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4.3.3

Experimental Procedure:
Industrial tasks were simulated to evaluate the performance of the pressure sensors for

the given study, which included hammering, drilling, and wire wrenching. These tasks were
carried out in a randomized manner to eliminate the source of bias in task assignments.
Task 1: Hammering
The hammers used for the study were standard 0.454kg ball-peen hammer (TEKTON
Ball Peen Hammer| 30403) and 0.907kg sledgehammer (Estwing Sure Strike
Drilling/Crack Hammer – MRF2LB), respectively. The sensors were mounted on the
handle of the hammers, as shown in Figure 4.5. Six nails were secured in 2-in x 4-in x
36-in lumber. The lumber was fixed to a pair of WORX clamping sawhorses, holding the
piece of lumber horizontally with the help of bar clamps, as shown in Figure 4.6. The
participant was asked to strike three nails with the ball-peen hammer and three with the
sledgehammer. Each nail was struck three times by the hammer, making nine strikes by a
single hammer. Participants were familiarized with the nature of the task and were asked
to practice the hammering task. Participant position was standardized by asking them to
locate themselves facing the positive-Y direction of the HPL Lab in a standing posture
with a comfortable distance from the nail, similar to how a worker would drive a nail into
an object placed on a horizontal working surface in a real-world scenario.
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Figure 4.5

Hammers used for the study, and sensor placements on the hammer handle.

Figure 4.6

Sensor placement and configuration for sledgehammer and ballpeen hammer.
Sensor 3 placed on the back of the hammer where the metacarpal region of the
hand touches the hammer.
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Figure 4.7

WORX Clamping sawhorses with lumber clamped to them.

Task 2: Drilling
A repetitive drilling task was modeled in the HPL and was chosen because it simulates a
manufacturing task. The current study measured handgrip strength using a cordless drill
(BLACK+DECKER 20V MAX Cordless Drill). The sensors were mounted on the drill
handle and the trigger (Figure 4.7). Each participant was required to drill lumber (2-in X
4-in X 36-in) three times, with each session lasting 5 seconds, and a resting period of 10
seconds was provided between each session. The participants were asked to perform the
sessions in an upright standing position. Participants were given a choice to adjust their
feet positions such that they could move their feet between each session but not during
the session.
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Figure 4.8

Compression sensor placement on the drill handle used for the study

Figure 4.9

Sensor Placement and configuration for drill
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Task 3: Wire Crimping
The wire crimper tool is from the family of pliers, providing an ergonomically
challenging combination of high-stress manual force and repetition (Cardoso et al., 2019;
Sugiono et al., 2019). Crimping tasks require a manual force of up to 20 kilograms per rollcrimping, adding to the excessive strain on the wrist and forearm over time. The resulting user
experience typically ranges from muscle fatigue and discomfort to potential cumulative upper
extremity disorders (Cardoso et al., 2019). A wire terminal crimping tool (Qibaok Insulated
Ratcheting Terminal Crimper) was used for the following study to simulate a wire crimping task.
The pressure sensors were attached over the wire crimper handles, as shown in Figure 4.8. The
participant was asked to remain standing facing the equipment set up. The researcher provided
the participant with five wires (approximately 6-in length), stripped off their insulation, and an
already inserted connector. The task required the participant to insert the wire and the connector
into the crimper, matching the connector color to the marking on the crimping tool. The
participant was then asked to squeeze the crimping tool with considerable force through a
complete ratcheting cycle until the handle was released automatically. The same procedure was
repeated until the participant crimped all five wires. The wires used for the experiment were 16
American Wire Gauge (AWG) stranded wires. The participants could freely keep their forearm
horizontal and upper arm vertical and close to their body. Also, the participants were free to
move their wrists in a vertical plane to change their wrist angles. The researcher provided the
participant with one wire at a time while performing the crimping task.
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Figure 4.10

Compression sensor placement on the wire crimper handle

Task 4: Grip Strength Endurance
The handgrip dynamometer can measure both absolute grip strength and endurance. Grip
strength and endurance are more relevant to the industry than a single maximum voluntary
contraction (Nicolay & Walker, 2005; Trosclair et al., 2011). After performing the hammering,
drilling, and crimping tasks, the participant was asked to be seated upright in a chair with their
shoulders adducted and neutrally rotated, elbow flexed at 90-degrees, and forearm in a neutral
position. The experimental set-up involving pressure sensors and sEMG surface electrodes suited
up on the participant’s hand remained the same as described in Chapter III. The pressure sensor
alignment on the Jamar dynamometer remained the same, as shown in Figure 3.1. The
participants were asked to grip the dynamometer at the second handle position three times, each
session lasting 3-4 seconds, allowing adequate rest periods between each session. The researcher
recorded the sEMG and pressure sensors data, simultaneously noting the dynamometer reading
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for every session. The sEMG output was used to measure the electrophysiological activity of the
forearm muscles involved with the grip, helping better visualize the gripping activity.
Task 5: The Qualitative Survey
Once the participant completed Task 1 through Task 4, the researcher handed them a
qualitative survey (Appendix D) comprising a comfort rating scale (CRS) and pre-structured
close-ended questions. For the wearable sensors to be successfully incorporated into industrial
settings, they must reliably capture accurate data. However, industry workers must be willing to
wear them over a sustained period. It is vital to investigate the participants' experience with
wearable devices to understand the barriers and facilitators to their adherence to the devices. The
CRS attempts to gain a comprehensive assessment of the comfort status of the wearer by
measuring comfort across six dimensions:
▪

Emotions – Concerns about appearance and relaxation

▪

Attachment – Comfort related to the non-harmful physical sensation of the
device on the body

▪

Harm – Physical sensation conveying pain

▪

Perceived Change – Non-harmful physical sensation makes the wearer
feel different overall with perceptions such as being awkward or
uncoordinated, resulting in conscious compensations for movements or
actions.

▪

Movement – Conscious awareness of modification to posture or
movement due to direct impedance or inhibition by the device

▪

Anxiety – Worries related to the safety of wearing the device and concerns
about whether the wearer is using it correctly (Knight & Baber, 2005).
109

The survey aims to examine the usability of wearable sensors to determine
participants' likeliness to use and compliance with the wearable sensors.
4.4
4.4.1

Data Analysis:
Data Preprocessing & Statistical Analysis for Dynamic Activities:
The raw sEMG activity for the participants was recorded at 1500Hz. As discussed in

Chapter III, the raw sEMG value is particularly useless and needs to be quantified via signal
processing tools for data analysis. The RMS sEMG data were derived from the raw sEMG data
using the TMM XGen analysis tool, allowing to produce of easily analyzable signals. The time
interval selected for extracting the windowed root means square sEMG signals was 100
milliseconds (0.1 seconds), similar to Chapter III. The sEMG signals were further down sampled
to 250Hz to match the pressure sensor sampling frequency rate. The report generator tool in the
TMM XGen application allows for different formats of data export where the sampling interval
can be selected to generate a report of the desired sampling rate. Reports were generated for
every trial with a pre-decided nomenclature, followed by the entire data collection process.
The raw capacitance of the pressure sensors was measured using the 10 – Channel SPI
sensing circuit in conjunction with the BLE module. The pressure sensor values were recorded
and saved using the SSTK application at a sampling rate of 250 Hz. The stretch sensor attached
to the elbow brace was also connected to the SPI sensing circuit, and the data for elbow flexion
was collected in simultaneity with the dynamic activities. The data processing and analyzing
procedure for the stretch sensor and the BendLabs sensor have been discussed in Chapter V.
The MATLABR2022a software was used for signal processing and statistical data
analysis. The signal processing toolbox in MATLAB provides functions to manage and
preprocess and extract features from uniformly and non-uniformly sampled signals. The raw
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sEMG data, as well as the raw sensor capacitance, contained several spikes and distortions. A
moving average filter was used to smooth the raw sEMG and the raw capacitance values of the
pressure sensor. The sliding window method was used to compute the moving average. In the
sliding window method, a window of specified length moves over the data sample by sample,
and the block computes the average over the data in the window (MathWorks - Moving Average,
n.d.). The raw signals were filtered using a sliding window size of three data points. Once the
raw data were smoothed, the NPC code was used to eliminate the transient peaks and replace the
x-axis index values with the mean of neighboring 10 data points, similar to Chapter III.
Provisions were made in the MATLAB code to compute and analyze the means of two signals if
needed.
Once the transient spikes were removed using the NPC code, the xcorr function was
applied to perform a normalized cross-correlation of the raw sEMG and pressure sensor values.
The xcorr MATLAB function computes and plots the normalized cross-correlation of two
discrete time sequences. This cross-correlation technique measures the similarity between a
vector x and shifted copies of vector y as a function of the lag. If x and y have different lengths,
the function appends one-based indexing to the end of the shorter vector to have the same length
as the other (Refer Figure 3.5). Normalizing data helps scale the signals to an equivalent level
(Halaki & Gi, 2012; Mathworks - Normalizing Data with Different Magnitudes, n.d.).
The pressure sensors were validated against the sEMG sensors by comparing their
performances using a linear regression model. The polyfit and polyval functions were used to
compute the R2 values to determine how well the data fit the regression model. The RMSE and
MAE values were calculated using the MATLAB statistical toolbox (MathWorks - RMSE and
MAE Calculation, n.d.).
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A plot of residual values from the model was created for visual inspection. Figure 4.9
provides an example of the residual plot created for every trial. Finally, a table was created
characterizing each of the trails with the calculated R2, RMSE, and MAE values to measure how
well the pressure sensors modeled the sEMG data.

Figure 4.11

4.4.2

Residual plot for a wire crimping task

Data Analysis for Grip Strength Endurance:
The aim of Task 4 was to investigate the effect of upper extremity fatigue on grip

strength after the participants had performed the dynamic activities. The data was recorded
manually by recording the Jamar dynamometer reading for the grip trails performed. For the
given experiment, the grip forces recorded for the fatigue trial at the second handle position were
112

compared to the static grip trials performed in Chapter III. A t-test was performed using the
Statistical Package for the Social Sciences (SPSS) software to determine if there is a significant
difference between the means of the two dynamometer readings, i.e., if there is a difference
between the dynamometer readings collected under static conditions and after performing
dynamic activities. The readings were collected only for the second handle position.
Two different MATLAB scripts were coded to evaluate the mean reduction in the grip
force after performing the dynamic activities. One script evaluated the mean reduction in the grip
strength for the sEMG sensors, while the other evaluated the mean reduction in the grip strength
for the pressure sensors. The fatigued grip strength evaluated by the sensors was only compared
to the grip strength value at the second handle position. The MATLAB code was scripted to
compare the normalized values of the grip forces, similar to the previous experiments.
4.4.3

Data Analysis for Qualitative Survey:
The usability questionnaire had a set of pre-structured options as their answer set. The

comfort rating scale measured the wearable comfort across six dimensions – emotion,
attachment, harm, perceived changes, movement, and anxiety. The CRS is a 21-point scale with
0 to the far left and 20 to the far right. Using the scale simply required the participant to mark
their level of agreement from low to high to the statements made in the description box (refer
Appendix E). The usability survey and the CRS were assessed using the SPSS software, where
in the usability survey, answers were quantified by assigning their numerical values, for
example, 1 = “Very Uncomfortable,” 2=” Uncomfortable,” and so on. Once the predefined
answers were quantified, a one-sample t-test was used to analyze all the questions.
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4.5

Results:

4.5.1

Dynamic Industrial Tasks Results:
A table was created to compute the average R2, RMSE, and MAE values for all tasks.

The metrics mentioned earlier were evaluated for individual sEMG placements and the sensor
placements on the tool. Box plots of average R2 values at different sEMG placements were
created to analyze the pressure sensor behavior concerning the sEMG placements on the forearm.
1. Hammering
Table 4.1

Average hammering task performance metrics across 36 trials, comparing pressure
sensor values to sEMG sensor values
FCR sEMG placement
Average R2

Ballpeen
Hammer
Sensor 1
Sensor 2
Sensor 3
Sensor 4

0.61
0.64
0.72
0.74
Average R2

Sledgehammer

Sensor 1
Sensor 2
Sensor 3
Sensor 4

0.77
0.64
0.66
0.78

FCU sEMG Placement

Average
RMSE
0.36
0.31
0.34
0.36

Average
MAE
0.32
0.26
0.28
0.29

Average

Average
RMSE
0.28
0.30
0.40
0.32

Average
MAE
0.22
0.25
0.35
0.28

Average
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R2

0.61
0.63
0.68
0.67

R

2

0.72
0.71
0.73
0.76

Average
RMSE
0.44
0.31
0.41
0.39

Average
MAE
0.39
0.26
0.34
0.33

Average
RMSE
0.39
0.28
0.34
0.34

Average
MAE
0.33
0.22
0.28
0.28

Figure 4.12

Box-and-whisker plot of R-squared results for Ballpeen hammer; (A) R2 boxplot
for sEMG at FCR, (B) R2 boxplot for sEMG at FCU

Figure 4.13

Box-and-whisker plot of R-squared results for Sledgehammer; (A) R2 Boxplot for
sEMG at FCR, (B) R2 boxplot for sEMG at FCU
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Table 4.2

Boxplot R-Squared value summary for hammering activities

Min
Q1
Median
Q3
Max

Sensor 1
0.5
0.57
0.64
0.71
0.80

Ballpeen Hammer - Boxplot R-Squared Summary
FCR
Sensor 2 Sensor 3 Sensor 4
Sensor 1
0.48
0.56
0.52
0.36
0.59
0.68
0.71
0.59
0.64
0.73
0.75
0.63
0.73
0.77
0.80
0.65
0.77
0.84
0.86
0.71

FCU
Sensor 2
0.56
0.61
0.63
0.66
0.72

Sensor 3
0.27
0.62
0.73
0.79
0.82

Sensor 4
0.01
0.69
0.73
0.75
0.81

FCU
Sensor 2
0.53
0.63
0.73
0.78
0.84

Sensor 3
0.31
0.71
0.74
0.80
0.86

Sensor 4
0.56
0.74
0.76
0.83
0.83

FCU
Sensor 2
0.15
0.25
0.29
0.39
0.62

Sensor 3
0.26
0.31
0.40
0.46
0.77

Sensor 4
0.25
0.32
0.40
0.46
0.53

Sledgehammer - Boxplot R-Square Summary

Min
Q1
Median
Q3
Max

Sensor 1
0.25
0.71
0.81
0.88
0.90

Min
Q1
Median
Q3
Max

Sensor 1
0.23
0.28
0.34
0.43
0.66

FCR
Sensor 2 Sensor 3 Sensor 4
Sensor 1
0.43
0.08
0.62
0.50
0.60
0.63
0.74
0.71
0.65
0.71
0.80
0.73
0.72
0.77
0.83
0.78
0.87
0.85
0.87
0.84
Ballpeen Hammer - Boxplot RMSE Summary
FCR
Sensor 2 Sensor 3 Sensor 4
Sensor 1
0.17
0.26
0.21
0.23
0.23
0.29
0.28
0.30
0.29
0.34
0.36
0.43
0.37
0.40
0.40
0.57
0.65
0.45
0.72
0.78
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Table 4.2 (continued)

Min
Q1
Median
Q3
Max

Sensor 1
0.18
0.23
0.25
0.32
0.58

Min
Q1
Median
Q3
Max

Sensor 1
0.19
0.24
0.33
0.39
0.59

Sledgehammer - Boxplot RMSE Summary
FCR
Sensor 2 Sensor 3 Sensor 4
Sensor 1
0.19
0.25
0.22
0.25
0.23
0.30
0.27
0.28
0.28
0.41
0.31
0.37
0.39
0.45
0.37
0.48
0.49
0.67
0.52
0.67
Ballpeen Hammer - Boxplot MAE Summary
FCR
Sensor 2 Sensor 3 Sensor 4
Sensor 1
0.13
0.16
0.17
0.18
0.18
0.23
0.21
0.25
0.23
0.27
0.27
0.34
0.33
0.35
0.34
0.51
0.64
0.41
0.67
0.74

Sensor 1
0.13
0.17
0.21
0.25
0.49

Sledgehammer - Boxplot RMSE Summary
FCR
Sensor 2 Sensor 3 Sensor 4
Sensor 1
0.14
0.19
0.18
0.17
0.17
0.27
0.20
0.24
0.23
0.33
0.27
0.32
0.32
0.41
0.34
0.43
0.45
0.60
0.47
0.61

Min
Q1
Median
Q3
Max
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FCU
Sensor 2
Sensor 3
0.18
0.20
0.23
0.28
0.26
0.35
0.31
0.41
0.45
0.46

Sensor 4
0.19
0.29
0.35
0.41
0.43

FCU
Sensor 2
Sensor 3
0.11
0.20
0.19
0.24
0.24
0.33
0.33
0.39
0.59
0.73

Sensor 4
0.16
0.26
0.35
0.41
0.48

FCU
Sensor 2
Sensor 3
0.13
0.17
0.18
0.22
0.21
0.29
0.27
0.35
0.41
0.41

Sensor 4
0.14
0.22
0.30
0.36
0.40

2. Drilling
Table 4.3

Average drilling task performance metrics across 36 trials, comparing pressure
sensor values to sEMG sensor values

FCR sEMG placement
Average R2

FCU sEMG Placement
Average
MAE
0.30

Average R2

Sensor 1

0.74

Average
RMSE
0.34

Sensor 2

0.71

0.30

0.24

0.66

0.29

0.24

Sensor 3

0.73

0.34

0.29

0.65

0.35

0.29

Sensor 4

0.76

0.29

0.23

0.75

0.31

0.26

Figure 4.14

0.72

Average
RMSE
0.33

Average
MAE
0.27

Box-and-whisker plot of R-squared results for drill; (A) R2 Boxplot for sEMG at
FCR, (B) R2 boxplot for sEMG at FCU
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Table 4.4

Boxplot R-Squared value summary for drilling activity
Drilling - Boxplot R-Squared Summary
FCR

FCU

Sensor 1

Sensor 2

Sensor 3

Sensor 4

Sensor 1

Sensor 2

Sensor 3

Sensor 4

Min

0.64

0.20

0.31

0.45

0.62

0.55

0.44

0.46

Q1

0.71

0.68

0.68

0.73

0.66

0.60

0.59

0.75

Median

0.74

0.72

0.78

0.79

0.72

0.64

0.68

0.79

Q3

0.78

0.82

0.83

0.83

0.80

0.75

0.74

0.82

Max

0.88

0.87

0.87

0.86

0.84

0.78

0.77

0.86

Drilling - Boxplot RMSE Summary
FCR

FCU

Sensor 1

Sensor 2

Sensor 3

Sensor 4

Sensor 1

Sensor 2

Sensor 3

Sensor 4

Min

0.15

0.22

0.19

0.13

0.15

0.18

0.17

0.25

Q1

0.24

0.24

0.29

0.26

0.24

0.26

0.25

0.28

Median

0.33

0.31

0.34

0.32

0.31

0.28

0.31

0.31

Q3

0.39

0.33

0.42

0.33

0.43

0.34

0.42

0.35

Max

0.67

0.52

0.47

0.54

0.55

0.46

0.73

0.40
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Table 4.4 (Continued)
Drilling - Boxplot MAE Summary
FCR

FCU

Sensor 1

Sensor 2

Sensor 3

Sensor 4

Sensor 1

Sensor 2

Sensor 3

Sensor 4

Min

0.12

0.16

0.16

0.03

0.11

0.14

0.12

0.20

Q1

0.21

0.19

0.24

0.21

0.19

0.19

0.20

0.23

Median

0.28

0.23

0.27

0.26

0.26

0.23

0.24

0.25

Q3

0.32

0.29

0.37

0.27

0.35

0.28

0.36

0.31

Max

0.62

0.49

0.41

0.51

0.47

0.42

0.70

0.34
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3. Wire Crimping
For the wire crimping task, it was observed that when the participants were trying to
crimp the wire, sensor 3 and sensor 4 were compressed in a manner such that when the ratchet/
handles of the crimp were open, all the distal ends of the fingers were concentrated towards
sensor 3, and when the ratchet was closed, the index finger and the middle finger were on sensor
3 while the ring finger and little finger were on the sensor 4 (refer Figure 4.13). Thus, for an
equal distribution of pressure across the sensors and to avoid bias, the mean of sensor 3 and
sensor 4 was also evaluated alongside the individual sensor values to understand if it had any
major impact on the sensor placements.

Figure 4.15

Wrist movement while performing wire crimping task; (A) Fingers shifted towards
sensor 3 across the lower handle when the crimper is in an open position, (B)
Fingers equally distributed on sensors 3 & 4 across the lower handle when the
crimper is in a close position
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Table 4.5

Average crimping task performance metrics across 36 trials, comparing pressure
sensor values to sEMG sensor values
FCR sEMG placement
Average R2

Sensor 1
Sensor 2
Sensor 3
Sensor 4
Sensors 3
& 4 Mean

Figure 4.16

0.69
0.76
0.77
0.79
0.81

Average
RMSE
0.44
0.19
0.30
0.29
0.28

FCU sEMG Placement
Average
MAE
0.39
0.13
0.24
0.24
0.21

Average R2
0.70
0.81
0.80
0.82
0.82

Average
RMSE
0.47
0.19
0.35
0.28
0.29

Average
MAE
0.41
0.15
0.28
0.21
0.22

Box-and-whisker plot of R-squared results for wire crimper; (A) R2 Boxplot for
sEMG at FCR, (B) R2 boxplot for sEMG at FCU
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Table 4.6

Boxplot R-squared value summary for wire crimping task
Wire Crimping - Boxplot R-Squared Summary
FCR

FCU

Sensor 1

Sensor 2

Sensor 3

Sensor 4

Sensor 3/4

Sensor 1

Sensor 2

Sensor 3

Sensor 4

Sensor 3/4

Min

0.43

0.65

0.42

0.41

0.75

0.54

0.47

0.45

0.72

0.65

Q1

0.64

0.70

0.76

0.79

0.79

0.65

0.81

0.79

0.80

0.79

Median

0.69

0.75

0.80

0.82

0.82

0.72

0.84

0.84

0.84

0.84

Q3

0.76

0.83

0.83

0.84

0.84

0.76

0.87

0.87

0.86

0.87

Max

0.82

0.89

0.88

0.86

0.89

0.82

0.91

0.91

0.91

0.90

Wire Crimping - Boxplot RMSE Summary
FCR

FCU

Sensor 1

Sensor 2

Sensor 3

Sensor 4

Sensor 3/4

Sensor 1

Sensor 2

Sensor 3

Sensor 4

Sensor 3/4

Min

0.18

0.10

0.15

0.14

0.14

0.19

0.10

0.14

0.13

0.14

Q1

0.24

0.13

0.20

0.24

0.19

0.28

0.15

0.25

0.22

0.24

Median

0.39

0.19

0.25

0.29

0.27

0.46

0.17

0.34

0.29

0.29

Q3

0.66

0.24

0.38

0.33

0.35

0.70

0.24

0.38

0.35

0.35

Max

0.78

0.37

0.59

0.61

0.45

0.77

0.34

0.79

0.39

0.40
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Table 4.6 (continued)
Wire Crimping - Boxplot MAE Summary

Min
Q1
Median
Q3
Max

Sensor 1

Sensor 2

FCR
Sensor 3

Sensor 4

0.14
0.20
0.35
0.55
0.75

0.07
0.09
0.13
0.17
0.34

0.11
0.15
0.20
0.30
0.45

0.10
0.18
0.24
0.29
0.58

Sensor
3/4
0.10
0.15
0.20
0.29
0.35
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Sensor 1

Sensor 2

FCU
Sensor 3

Sensor 4

0.15
0.23
0.43
0.61
0.72

0.07
0.09
0.14
0.19
0.42

0.12
0.20
0.25
0.30
0.75

0.09
0.13
0.20
0.28
0.33

Sensor
3/4
0.10
0.14
0.25
0.28
0.31

4.5.2

Grip Strength Endurance Results:
•

Table 4.7

SPSS Analysis Results for grip forces recorded by the dynamometer:
SPSS Result analysis for evaluating the fatigue in participants
One-Sample t-Test
t

DYNO
Handle
Position #2
(avg)
DYNO
F(avg)

df

Significance

21.655

35

One-Sided
p
<.001

20.605

35

<.001

Mean
Difference

95%
Confidence
Interval of
the
Difference
Lower

Two-Sided
p
<.001

30.087963

27.26729

<.001

28.601944

25.78388

Table 4.5: DYNO Handle Position #2 (avg) = average grip force recorded by the dynamometer at
the second handle position during the static testing; DYNOF (avg) = average grip force recorded
by the dynamometer at the second handle position after completing the dynamic activities.
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•

Figure 4.17

MATLAB Script results sEMG sensors:

Representation of grip mean force reduction captured via sEMG sensors

For the given Figure 4.14: DYNO2 = Grip force recorded by the dynamometer at the second
handle position during the static testing; DYNO3 = Grip force recorded by the dynamometer at
the third handle position during the static testing; DYNO4 = Grip force recorded by the
dynamometer at the second handle position during the static testing; DYNOF = Grip force
recorded by the dynamometer at the second handle position, after completing the dynamic
activities.

126

•

Figure 4.18

MATLAB Script results for pressure sensor:

Representation of grip mean force reduction captured via pressure sensors

For the given Figure 4.14 : DYNO2 = Grip force recorded by the dynamometer at the second
handle position during the static testing; DYNO3 = Grip force recorded by the dynamometer at
the third handle position during the static testing; DYNO4 = Grip force recorded by the
dynamometer at the second handle position during the static testing; DYNOF = Grip force
recorded by the dynamometer at the second handle position, after completing the dynamic
activities.
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4.5.3

Qualitative Survey Results:
•

Wearable Sensors Usability Survey Results:

SPSS tool was used to analyze the answers for the usability survey to extract actionable
insight from the data, ensuring answer accuracy.
Table 4.8

Wearable usability survey response results
How comfortable were the stretch sensors at the elbow while
performing the tasks?
Responses
Neutral
Comfortable
Very Comfortable

Number of Participants
10
9
17
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%
27.8%
25.0%
47.2%

Table 4.8 (continued)
How comfortable were the compression sensors at the elbow while
performing the tasks?
Responses
Uncomfortable
Neutral
Comfortable
Very Comfortable

Number of Participants
3
4
11
18
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%
8.3%
11.1%
30.6%
50.0%

Table 4.8 (continued)
How comfortable were the BendLabs sensors at the wrist while
performing the tasks?
Responses
Very Uncomfortable
Uncomfortable
Neutral
Comfortable
Very Comfortable

Number of Participants
1
1
8
13
13
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%
2.8%
2.8%
22.2%
36.1%
36.1%

Table 4.8 (continued)
How comfortable were the Motion Capture markers at the elbow while
performing the tasks?
Responses
Uncomfortable
Neutral
Comfortable
Very Comfortable

Number of Participants
1
6
8
21
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%
2.8%
16.7%
22.2%
58.3%

Table 4.8 (continued)
How comfortable were the EMG Electrodes at the elbow while
performing the tasks?
Responses
Uncomfortable
Neutral
Comfortable
Very Comfortable

Number of Participants
3
7
12
14
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%
8.3%
19.4%
33.3%
38.9%

Table 4.8 (continued)
Out of five sensors used, which one did you find the most
comfortable?
Responses
sEMG
Stretch Sensor
Compression Sensor
BendLabs Sensor
Mocap

Number of Participants
3
13
12
2
6
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%
8.3%
36.1%
33.3%
5.6%
16.7%

Table 4.8 (continued)
Out of five sensors used, which one did you find the least
comfortable?
Responses
sEMG
Stretch Sensor
Compression Sensor
BendLab Sensor
Mocap

Number of Participants
16
3
7
7
3
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%
44.4%
8.3%
19.4%
19.4%
8.3%

Table 4.8 (continued)
Out of all industrial tasks, which task did you like doing the most &
why?
Responses
Number of Participants %
Hammering
28
77.8%
Drilling
6
16.7%
Wire Crimping
2
5.6%
Common Comments: Less efforts required, easy perform the task, more familiar
with the task, fun to do
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Table 4.8 (continued)
Out of all industrial tasks, which task did you like doing the least &
why?
Responses
Number of Participants
%
Hammering
3
8.3%
Drilling
4
11.1%
Wire Crimping
28
77.8%
Dyno
1
2.8%
Common Comments: Challenging, required more manual efforts, crimper hard to
grip, consuming a lot of strength
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•

Comfort Rating Scale Results:

The CRS scale design is based on NASA-TLX, a validated tool for measuring mental
workload. Using the CRS scale simply required the scorer to mark their line of agreement from
low to high to the statements made in the description box provided (refer Appendix E – Figure
E.4). A mean value of all the comfort dimensions scores was evaluated to represent the typical
value of dimensions across the participants and individual genders. A radar chart was plotted to
visualize the results and make a visible concentration of strengths and weaknesses related to the
wearables.
Table 4.9

Mean comfort dimension CRS
CRS Dimensions

Male

Female

Total

Emotion

2.56

2.50

2.52

Attachment

8.10

6.25

7.18

Harm

1.67

1.92

1.79

Perceived
Change
Movement

4.33

4.31

4.31

4.44

4.75

4.59

Anxiety

0.67

1.39

1.02
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Figure 4.19

4.6
4.6.1

Radar chart for assessing the CRS response

Discussion:
Dynamic Industrial Tasks
The concerted relationship between wrist range of motion and grip strength is an
important aspect of the hand function. Clinically, the grip strength is measured in
a standardized static position (Roberts et al., 2011). The question remains on
whether this static grip strength is an accurate indication of how an individual
functionally grips an object. Functional tasks require the fingers to grasp an object
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forcibly while moving the proximal joints (Gurram et al., 1995). Therefore,
analysis of dynamic grip strength during wrist and forearm movements can help
improve understanding of the hand function and provide pertinent guidelines for
assessing functional gripping for vocational and avocational tasks and designing
workstations. This experiment aimed to determine if the pressure sensors can
considerably measure the dynamic grip force applied by hand while performing
industrial tasks in laboratory settings.
o Hammering
The pressure sensors were attached to the hammer handle, as shown in
Figure 4.5, such that they covered the entire surface of the handle, which
came in contact with the subject’s hands. The pressure sensors were
numbered and placed on the hammer handle in a fixed orientation such
that Sensor 1 coincided with the distal phalanx; Sensor 2 coincided with
the middle and proximal phalanx, Sensor 3 coincided with the metacarpal
region of the hand, and Sensor 4 coincided with the thenar region on the
hand.
▪

Ball peen hammer
The pressure sensors showed a high correlation above 0.75 on the
distal phalanx (0.80), the metacarpal region (0.84), and thenar
eminence (0.86). While hammering, the fingers and thumb form a
vice, squeezing the handle against the palm. Thus, the results
obtained via the pressure sensors can be correlated to the hand
span and hand posture while hammering. Sensor 2, which
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coincided with the middle and proximal phalanx, also
demonstrated a good correlation of 0.77.
The boxplot summary for the ball-peen hammer shows a good
correlation between the pressure and sEMG sensors. However, the
median values of correlation for this dynamic activity lie between
0.63 – 0.75, which can be considered a moderate correlation.

▪

Sledgehammer
Compared to the ball-peen hammer, the sledgehammer indicated
better goodness of fit measures with a maximum R2 value of 0.90
on the distal phalanx and 0.87 o the middle/proximal phalanx
region and thenar eminence region and 0.85 on the metacarpal
region. The boxplot summary of R2 values for various sensor
placements shows that the sensors coinciding with the distal region
of the hand (fingertips) showed a higher correlation value than the
rest of the sensor placements. Also, the median values of the
sledgehammer experiment lie between 0.65-0.81, which, again, can
be considered a moderate correlation.

The ball-peen hammer had a handle diameter of 25.4mm. It has been
observed that the handle size effect is more pronounced, especially at the small
handle diameter/span. Moreover, the hammer's weight is essential in imparting
grip strength while striking the nail. The ball-peen hammer used for the study
weighed 0.454 kg, whereas the sledgehammer weighed 0.907 kg, almost double
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the ball-peen hammer. The sledgehammer also had a wider handle diameter of
38.86mm. Studies have shown that the handle diameters significantly affect the
applied grip strength, with the maximum grip strength being exerted between
30mm to 50mm handle diameter. Also, the highest grip force components
observed with cylindrical handles have been found at the fingertips, i.e., the distal
phalanx region. Thus, we can say that the pressure sensors can adequately
measure the grip pressure during the hammering activity as the study results are
harmonious with the previous research.
One of the other reasons for a reduced grip strength for the smaller handle
diameter can be the muscle length-strength-activation relationship. The
cylindrical diameter of the hammer directly influences the finger and wrist joint
posture, which in turn affects the length of the flexor digitorum superficialis and
FCR and other hand muscles, thereby resulting in significant variations of the
muscle force-generating capacity (Hauraix et al., 2018).
o Drilling
The sensors were attached to the drill for the drilling activity where the
hand made the maximum contact with the drilling surface, as shown in Figure 4.7.
Sensor 1 was placed on the trigger and coincided with the distal portion of the
index finger. Sensor 2 was placed on the drill handle, right below the trigger, and
coincided with the distal phalanx of the middle, ring, and little finger. Sensor 3
was placed where the metacarpal region of the hand touched the drill, and Sensor
4 was placed on the back of the handle where the thenar eminence touched the
drill handle surface.
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The average R2 data presented in table 4.4 represents a high correlation between
pressure sensor values and sEMG data for measuring the grip strength while
performing the drilling activity. The average R2 value sensor 4, i.e., the sensor
coinciding with the thenar eminence, was the highest (0.79), followed by Sensor
1, i.e., the sensor coinciding with the trigger finger (0.74). The high correlation of
the pressure Sensor 1 with the sEMG data can explain the occurrence of the
trigger finger, which is a disorder associated with using tools that have handles
with hard edges or require repetitive bending of the fingers with continuous
forceful gripping of the equipment (Silverstein et al., 1986). The results show a
maximum R2 value of 0.88 on the sensor, which measured the pressure for the
index finger, which was on the drill’s trigger. The median values recorded for all
the sensors on the drill have a determination coefficient of greater than 0.7, which
denotes a high correlation between the pressure sensor values and the sEMG
values.
The subjects carried out the drilling activity by drilling three holes in the
lumber by pressing against the trigger for 5 seconds per hole. The only reason to
keep the trial this short was to avoid any muscular demands placed by the drilling
activity on the participant's forearms, biceps, shoulder, or neck. However, the
participants were asked to drill the lumber piece using force to drill a hole. It can
be seen from the boxplot summary that the correlation coefficient has a maximum
value above 0.85, depicting that the pressure sensors were able to measure the
grip force during the drilling activity successfully.

142

o Wire crimping
The pressure sensors were attached to the handles of the wire crimper, as shown
in Figures 4.8 and 4.13. Sensor 1 and sensor 2 were placed on the upper side of
the handle, coinciding with the thenar region and thumb of the hand. Sensors 3and
sensor 4 were placed such that the sensors coincided with the distal and middle
phalanx region of the hand (refer Figure 4.13). The average R2 value comparing
the pressure sensors to sEMG sensor data is highly correlated for all the sensors
except for Sensor 1. One of the primary reasons for the same can be the posture of
the hand while using the crimping tool. It can be seen from figure 4.13 that most
of the hand pressure is concentrated on sensors 2 to 4 than on sensor 1.
The crimping task performance metric across all the trials comparing the pressure
sensor values to the sEMG values show a high correlation, i.e., greater than 0.75
(except for Sensor 1). Due to the high ulnar deviation of the wrist, while
performing the crimping task, the correlation values of the pressure sensors
compared to the sEMG at the FCU is higher (greater than 0.80) than the sEMG
sensors placed at the FCR. Thus, we can say that the pressure sensors successfully
captured the hand grip forces for the wire crimping task.
Research has shown that wire crimping is physically strenuous and can
expose workers to risk factors associated with MSDs (Cardoso et al., 2019;
Marklin et al., 2004). There were multiple factors to be considered in the crimping
task – the wide opening of the handle, the force required for crimping the wire,
and the wrist posture while crimping the wire. The crimping activity was one of
the most challenging activities, as it needed a high wrist ulnar deviation. The
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handle's opening width was large enough to leave the thumb carpometacarpal,
volar, and metacarpophalangeal joints vulnerable to stress. The crimper required a
lot of force to crimp the connector to the wire. The researcher observed the
subjects getting tired by the end of the task, complaining that it was the most
tiring and difficult of all the tasks.

4.6.2

Grip strength Endurance
Prolonged muscle use generally leads to a reduction in the functional capacity of the

muscle; a phenomenon commonly referred to as fatigue. Fatigue affects the ability of the
muscles to generate forces and is associated with changes in EMG signals. It also influences
inter-joint and intermuscular coordination (Côté et al., 2008). After performing all the dynamic
activities, the grip strengths of the participants were measured at the second handle position to
compare the before and after fatigue grip strength values for the second handle position only.
The one-sample t-test results performed using the SPSS tools show a significant reduction of
approximately 5% grip strength. Further, a MATLAB script was coded to show the mean force
reduction in the sEMG values by comparing the sEMG values for grip strength at the second
handle position before fatigue to sEMG values after fatigue. The same script was coded for the
pressure sensor values as well. The sEMG sensor values show a mean grip force reduction of
14.41%, while pressure sensor values show a mean force reduction of 8.33%.
The higher percentage value of mean grip force reduction in the sEMG values can be a
consequence of muscle fatigue that causes a decrease in the speed of propagation of activation
along the muscle fibers as well as the frequency content of the muscle fibers (Côté et al., 2008;
Enoka & Duchateau, 2008). It can be inferred from the above results that muscle fatigue
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develops soon after the onset of physical activity. However, Astrand and Rodahl (2003)
described fatigue as a complex concept involving psychological and physiological factors and
should never be viewed as a single entity or process (Rodahl et al., 2003).

4.6.3

Qualitative Survey
o User Wearability Survey
Gemperle et al. (1998) defines wearability as the interaction between the
human body and a wearable object. Dynamic wearability further extends
the definition to include the human body in motion (Gemperle et al.,
1998). Wearable devices affect the user in different ways, and thus several
effects should be taken into account when assessing the wearability of a
device. These effects range from physiological to comfort-related effects
(Cancela et al., 2014). A close-ended questionnaire-based method was
used to understand and evaluate the proposed method's wearability. The
wearability of the given study was evaluated based on comfort and
physiological effects.
Biomechanical effects were assessed by asking the subjects about
activities that included perception of muscle fatigue and physical exertion.
According to the responses received, as recorded in Table 4.9, a large
proportion of participants found hammering to be the most straightforward
task, while wire crimping was rated as the most challenging task. 28
participants out of 36 rated hammering as the most liked task and wire
crimping as the most disliked one. This activity review can be pertaining
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to changes in movement patterns, posture, and postural loading while
performing the task with the entire sensors connected across the arm.
The comfort assessment of the wearable devices concluded by rating the
sEMG sensors as the least comfortable sensors and StretchSense stretch
sensors as the most comfortable sensors, followed by the compression
sensors. The sEMG sensors gave the participants a feeling of something
bulky being attached to their arms, and the participants feared the sensors
getting disconnected while performing the task. The sEMG electrodes also
made a few participants feel itchy due to the adhesive. The stretch sensor,
on the contrary, was rated as the most comfortable as it was out-of-sight
and did not cause any interference with the activities. When attached to
the tool, the participants found compression sensors comfortable, as it
gave a cushioning effect to the tool handle, making it more comfortable to
hold.

o User Comfort Rating Scale
The CRS provides a tool that allows wearables’ comfort to be assessed
over various dimensions – cognitive and physical. It can be seen from
Figure 4.17 and Table 4.10 that the highest CRS scores were on the whole
scored for Attachment, Movement, and Perceived Change dimensions.
The radar chart in Figure 4.17 indicates that the subjects had some
difficulties related to the attachment of the devices to their body. During
the experiment, it was also observed that some of the subjects tried being
146

careful with their movements, fearing disconnecting any sensor or
snapping a sensor wire. Also, the attachment method, which requires
tightening of straps to ensure sound technical performance, might have
had a moderate impact on the subject's comfort.
Figure 4.17 shows the results for perceived change and movement. The social component
of how they would look wearing the device or all of those sensors and feeling physically
different led to reporting perceived change dimension on the CRS. After wearing multiple
sensors at once, the subjects were also concerned about their movements, thinking it would
restrict their motions. A major movement restriction factor that the subjects reported was the thin
cables, which they were afraid of breaking themselves due to mechanical jerks or movements.
Results regarding Harm, Anxiety, and Emotions caused by the device were much less than the
rest three dimensions. The anxiety and harm scores were low compared to the emotional
dimension – indicating participants were minimally concerned about being harmed by the
devices donned over their arms. The emotions score was the lowest, meaning participants were
not concerned about their appearance after donning the devices.
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4.7

Limitation and Future Scope:
For the given study, the participants performed dynamic activities to investigate whether

the pressure sensors could estimate the handgrip forces reasonably. The assessment results
indicated a good correlation between the pressure sensor values and the sEMG values. However,
a few caveats were observed while performing the experiments, which can be addressed in the
future to ensure better results. There were instances when the sEMG smart leads disconnected
from the electrodes, leading to failures, interface impedance changes caused by movements and
problems in the recording channel, and other various noises. This disconnection can be attributed
to mechanical jerks while performing the tasks. The experiments had to be repeated when signal
disconnection or abruption was noticed.
The pressure sensors used for the current study were the fabric StretchSense pressure
sensors which can be sewn or bolted down to any surface for measuring human-machine
interactions. These were small discrete pads of soft and flexible sensors to move naturally with
the human body. The current BLE module allowed only five sensors to be connected to the SPI
circuit, out of which one was the stretch sensor measuring the elbow flexion. Future studies can
include more pressure sensors to completely cover any instrument handle allowing for a better
pressure map of the hand-handle interface. The current sensor, as mentioned before, had a fabric
coating over it, which might have an impact on the pressure sensor performance. Future studies
can include integrating silicone sensors directly on the tool handle rather than fabric-covered
sensors.
The current study measured the comfort of the wearable sensors as a complete sensorized
suit. Diverse methodologies can be employed to measure the biomechanical and physiological
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effects of the system by assessing the wearer’s comfort for every experiment, i.e., assessing static
and dynamic activities separately and then comparing the comfort scales for both experiments.
4.8

Conclusion:
The study evaluated dynamic pressures from grasping powered and non-powered

industrial tools using pressure sensors. The study's objective was to demonstrate the applicability
of an experimental approach that could generate valuable information on the response surface of
grasping force capacity using actual tool handles orientated realistically within a realistic
workspace environment. Power grip exertions were recorded using tool handles under three
dynamic activities: hammering, drilling, and wire crimping. As described and configured in the
study, the method provided a reasonable simulation of dynamic activities carried out in industrial
settings, affecting the worker’s hand grip strength. The statistical results allowed an
understanding of how work tools and their characteristics affect power grip force capacity. The
proposed system has been found to estimate grip force information that might otherwise be
difficult to capture, complementing biomechanical models and internal force estimates as a part
of the comprehensive ergonomic analysis. These measures could be compared to individual or
population-based physical capacity estimates for setting realistic goals for preventing and
rehabilitating work-related injuries.
Physical fatigue, local and general, has been associated with the onset of CTD of the
upper extremity. Muscular fatigue has been recognized as a by-product of occupational risk
factors associated with repetitive activities such as task frequency, forceful grip, and task
duration. The importance of monitoring strength and endurance deficiencies in repetitive
occupational tasks has been emphasized. The study further allowed direct measurement
techniques. Physical fatigue, local and general, has been associated with the onset of CTD of the
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upper extremity. Muscular fatigue has been recognized as a by-product of occupational risk
factors associated with repetitive activities such as task frequency, forceful grip, and task
duration. Where repetitive work tasks are concerned, the need to monitor strength and endurance
deficits has been stated. The study further allowed direct measurement techniques for monitoring
muscular fatigues to the application of power grip endurance upper extremity work capacity
assessments. Tests of hand grip muscle fatigue were conducted to explore the functional
relationship between static and dynamic handgrip. The finding indicated significantly different
fatigue patterns when comparing the muscle strength before and after performing the dynamic
activities. The MATLAB script for the strength decrement measured a significant strength loss
over the test duration, demonstrating strength-endurance-performance in repetitive grip protocols
for monitoring muscular fatigues to the application of power grip endurance in upper extremity
work capacity assessments. Tests of hand grip muscle fatigue were conducted to explore the
functional relationship between static and dynamic handgrip. The finding indicated significantly
different fatigue patterns when comparing the muscle strength before and after performing the
dynamic activities. The MATLAB script for the strength decrement measured a significant
strength loss over the test duration, demonstrating strength-endurance-performance in repetitive
grip protocols.
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CHAPTER V
EVALUATING WRIST DEVIATIONS USING BENDLABS BIAXIAL SENSORS AND
ELBOW FLEXIONS USING STRETCH SENSORS
5.1

Introduction
Grip strength is one of the many components to consider when examining hand function;

many upper extremity assessments are based on observation and subjective impressions.
However, a grip strength measurement can provide objective and quantifiable information
regarding hand function when adequately taken. Alongside task repetition and grip forces being
responsible for the onset of CTDs in industrial workers, angular deviations and awkward
positions of the wrists and elbow motions also increase the risk of CTDs in the industrial workers
(Mathiowetz et al., 1985). Various studies have demonstrated that body positioning can affect
grip strength performance. Furthermore, quantification of positions and displacement of body
segments is an integral component of biomechanical analysis.
Several factors play a role in grip force production, including variation in muscle length,
muscle and tendon compliance, joint condition, and body or joint configuration. The hand is an
end-effector of the multilink kinematic chain of the human body. Therefore, a positional change
in any proximal series of the segment may influence the performance of the hand. It has been
reported that the handgrip strength is dependent on the body posture and angular position of the
shoulder, the elbow, the forearm, the wrist joint, the metacarpophalangeal joint, and the
interphalangeal joint. Among the factors mentioned above, wrist position has shown to be one of
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the most critical determinants of grip and pinch strength capabilities (Li, 2002). Awkward
hand/wrist posture, however, as discussed above, has often been reported to be a risk factor
associated with hand/wrist problems (Mani & Gerr, 2000). Wrist deviations from the neutral
position show significant losses in grip strength, increasing the amount of force required. The
posture of the hand and forearm directly impacts the amount of force the muscles must generate
to perform a given task. Working in awkward postures imposes biomechanical stresses on the
joints and tissues, leading to strain and injuries in hand and wrist due to limited muscular
strength in certain positions. Any exertions in these weaker awkward postures require muscles to
work out near their maximum capacity. Muscles cannot maintain static contractions greater than
15% to 20% of their strength without fatiguing. Awkward postures can easily damage the nerves
and tendons in the hand and wrist (Carson, 1994).
Besides the hand and wrist, the elbow also seems to be affected by the physical exposure
from different occupational activities. A systematic review by van Rijn et al. (2008) presents
some quantitative exposure-response relationships between work-related factors and specific
disorders at the elbow. The authors found an association between four work-related specific
disorders at the elbow (lateral epicondylitis, medial epicondylitis, cubital tunnel syndrome, radial
tunnel syndrome) and certain risk factor specifications at work. Besides psychosocial factors,
physical risk factor specifications such as handling tools > 1kg, handling loads >5kg (2
times/min for more than 2hours/day), high handgrip forces > 1hour/day, repetitive hand/arm
movement > 2hours/day, arms lifting and hand bending for more than 75% of working time or
working with power tools > 2hours/day. Furthermore, the study provides information that the
occurrence of cubital tunnel syndrome is associated with risk factors ‘holding the tool in a
position.’ Handling loads > 1kg with a frequency of exertion of 10 times/hour, static work of
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hand during the majority of the cycle time, and full elbow extension is associated with the
occurrence of radial tunnel syndrome (van Rijn et al., 2008). Various studies have been
conducted to demonstrate the impact of elbow position on grip strength. Mathiowetz et al. (1985)
found that grip strength scores were higher with the elbow positioned in 90-degree flexion than
the elbow positioned in full extension (Mathiowetz et al., 1985). Kuzala and Vargo (1992) had
found more muscular grip strength at 0º of flexion and the weakest grip strength at 135º of
flexion (Kuzala & Vargo, 1992).
Active and passive cinematographic systems, video motion analysis systems, and
electromagnetic field-based systems have often been used in the laboratory to track bodysegment position and displacement. While accurate, these systems have several drawbacks,
including costs, technical limitations to their use, skill requirements of the operator, and
portability limitations of measurement outside the laboratory. A non-invasive system for human
motion monitoring to provide them with objective feedback is one of the current challenges.
5.2

Purpose of the Study:
The following study aims to:
•

Validate the usability of the BendLabs sensor to track wrist joint kinematics
successfully.

•

Validate Stretchsense stretch sensors embedded in an elbow brace against the
motion capture system focusing on elbow joint kinematics.

The bi-axial BendLabs sensors attached to the dorsal region of the hand would allow for
direct determination of wrist angular displacements in the flexion/extension and radial/ulnar
planes without the necessity of extensive calibrations. The Stretchsense stretch sensor attached to
the elbow joint would aid in understanding the relationship between the elbow positions and the
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grip strength. The joint kinematics analysis techniques using the BendLabs and stretch sensors
would help us collect human biomechanics data outside the laboratory settings due to
transportability and no stationary units needed for data collection.
5.3
5.3.1

Method:
Study Design and Experimental Procedure:
The study aims at validating the measurements captured by the BendLabs Sensor and

StretchSense stretch sensor by comparing their outputs to the traditional motion capture system.
The study design involved analyzing the wrist joint kinematics and elbow joint kinematics using
the BendLabs and Stretchsense stretch sensors.
The BendLabs sensors were attached to the dorsal region of the hand, middle junction of
the wrist, and palm, as described in Chapter IV. The flexible two-axis bidirectional BendLabs
sensor allowed us to measure the angular displacement of the wrist in two orthogonal planes. The
soft angular displacement sensors developed by BendLabs allow for measuring highly accurate
and drift-free displacements via a differential capacitance measurement system. The low power
integrated analog front end circuit, with an I2C interface, provides angular data in degrees (Soft
Angular Displacement Sensor Theory Manual, n.d.). The BendLabs sensors stackable BLE
module comes preloaded with firmware to connect sensors to the BendLabs Sensor app, allowing
easy data collection. For the given study, the researcher used the BendLabs sensor application
developed by the National Strategic Planning and Analysis Research Center (NSPARC) team at
MSU.
The field of research investigating the use of stretch sensors in movement analysis has
expanded in recent years, with various types of sensor substrates, sensor placements, and
modeling applications being explored. These studies have produced a wide range of results while
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also being limited to very small sample sizes and sensor deficiencies such as hysteresis and
nonlinearity (Zeagler, 2017). This validation research aimed to compare the stretch sensor
against MOCAP in detecting the elbow-joint angle measurements during dynamic tasks
described in Chapter IV. The stretch sensor was connected to the same BLE module as the
pressure sensors in Chapter IV. The experimental testing included wrist-joint and elbow-joint
kinematics measurements while the participants performed the simulated industrial tasks of
hammering, drilling, and wire crimping. The MOCAP, BendLabs, and stretch sensor data were
recorded simultaneously while the participant performed the simulated industrial tasks.
The MOCAP reflective markers attached to the participants’ bodies helped measure joint
angles at the elbow and the wrist during dynamic movements. Three-dimensional motion
analysis systems used to measure joint angles during dynamic movements in multiple degrees of
freedom are considered the ‘gold standard’ for evaluating movement biomechanics (van der
Kruk & Reijne, 2018; Walmsley et al., 2018). The MOCAP system was used to evaluate the
accuracy of the measurements from the BendLabs sensor and the stretch sensor at the wrist.
Simultaneously, the MOCAP also helped evaluate the kinematic data for elbow flexion and
extensions. As described in Chapters III and IV, the MOCAP data and Stretch sensor data were
recorded at 250Hz. The BendLabs sensor data was recorded at 250Hz, using the BendLabs
application developed by the NSPARC Team at MSU.
5.4

Data Analysis:

5.4.1

Data preprocessing and Statistical Analysis for comparing BendLabs sensor to
MOCAP:
The BendLabs sensor data recorded using the custom-made application reported the

flexion/extensions of the wrist and ulnar/radial deviations of the wrist. The BendLabs data
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and the MOCAP data were recorded at a sampling frequency of 250Hz. The MOCAP data
for wrist motion was recorded for wrist flexions and wrist radial deviations. As discussed in
Chapter IV, the marker cluster was placed on the subject’s dominant hand to capture the
wrist motion. The MOCAP and the BendLabs data for wrist movements were recorded in
simultaneity while the participants performed the dynamic industrial tasks.
The BendLabs data collecting application allows directly exporting the report in an
excel format. The MOCAP data for the wrist movements were exported using the report
generator tool and the other information, including elbow motions and sEMG data. The raw
wrist kinematic data obtained from the MOCAP was preprocessed using the MATLAB
R2022a signal preprocessing toolbox. The moving average filter with a sliding window size
of 3 was used to smooth and detrend the signal, prepping it for statistical analysis. The
moving average filter discarded the data points that differed considerably from their
surrounding data points and replaced them with the mean of neighboring three data points.
Once the noise reduction was achieved, the wrist kinematic data was assessed for any peak
values or transients which might cause data variation and instability. NPC code was used to
control the transient spikes. As described in the previous chapters, the NPC code replaced the
spikes in the signal with a mean of neighboring 10 points to produce time-continuous data
free of transients and extreme peak signals. The threshold value for the NPC code to remove
the transient spikes was set to a value of 500 for both the BendLabs sensor and the MOCAP
sensor (refer Figure 5.1).
The preprocessing for BendLabs sensor data involved the same process as for the
MOCAP data, where the data was first smoothed. However, after the data was smoothed
using the moving average filter, a drift was observed in the BendLabs data. The baseline
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correction preprocessing technique was used to eliminate the drift and remove the changes in
the signal (Refer Figure 5.1). A notch filter was implemented to remove interfering
frequencies. Wavelet implementation was used for further denoising the signal while
preserving the essential features of the signal (MathWorks- Removing Baseline Estimation
Wander, n.d.).

Figure 5.1

Baseline Correction for BendLabs sensor data

The signals were then filtered for noise peak cancellation, where the NPC code was used
to detrend the transients. For the BendLabs data, the NPC code noted the index value of the
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spikes on the X-axis and replaced the spike signals with a mean of neighboring 20 points to
produce a time-continuous signal.
Once the MOCAP and the BendLabs signals were pre-processed, denoising and
smoothing the signals, the signals needed to be time-aligned for postprocessing analysis. Time
alignment was required as both the data were collected on different instruments and were
manually operated. A normalized cross-correlation technique was used to determine the proper
data-time alignment for both the signals. The data were aligned using the one-based indexing
technique similar to Chapters III and IV, wherein the xcorr function measured the similarity
between two signals and shifted the copies of the sensor signal as a function of the lag. The
xcorr function returned the lags at which the correlations were computed.
Linear regression was performed to model the relationship between the MOCAP and
BendLabs sensor for every trial. A MATLAB script was used to generate linear models and
calculate R2, RMSE, and MAE values to determine the goodness of fit. These metrics provided
how well the BendLabs sensor models the wrist kinematics compared to the MOCAP data,
which is considered the ‘gold standard’ for any movement research.

5.4.2

Data preprocessing and Statistical Analysis for comparing stretch sensor and
MOCAP:
Motion capture and stretch sensor data were collected at 250Hz to match the sampling

rate frequency, similar to previous experiments. The stretch sensor data was captured for only
dynamic activities, including hand-arm motion, i.e., hammering, drilling, and wire crimping. The
elbow kinematic data was captured in conjunction with the wrist kinematic data. MATLAB
R2022a signal processing toolbox was used for signal smoothing and denoising. Analogous to
Chapter I, a moving averages filter with a sliding window of size three was used to denoise and
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remove unwanted spikes from the raw MOCAP and the stretch sensor signal. Once the
smoothing was done, the noise peak cancelation code (NPC) was used to process the transient
spikes in the signals. The NPC code noted the index value of the transient spikes on the X-axis
and replaced the spike signal utilizing the neighboring 10 data points to produce a timecontinuous signal, canceling the extreme peaks and transients (refer Figure 5.2).

Figure 5.2

Data preprocessing steps for stretch sensor; (A) Raw stretch sensor data; (B)
Smoothing of raw stretch sense signal using moving average filter; (C) Denoising
and detrending the stretch sense signal using the NPC code
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Once the raw data were smoothed, the Stretch sensor data had to be time-aligned with the
MOCAP data, as there was a time delay due to the manual operation of two different data
recording devices. Normalized cross-correlation using the xcorr MATLAB function was used
to ascertain the agreement between the stretch sensor and the MOCAP dataset. By normalizing,
the cross-correlation ignores the magnitude disparity of the source signal, and the data are
normalized based on the signal energy. The xcorr function computed the correlation between
two discrete time series, and the lag function t=lag (I) denoted the time lag between two
time-series (refer to Figure 5.3).

Figure 5.3

Normalized cross-correlation between stretch senor data and MOCAP data

After the stretch sensors were time-aligned, polyfit and polyval functions were used
to obtain the error estimates and predictions of the normalized signal. A MATLAB script was
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used to generate the linear models and derive R2 values from the coefficients of the polynomial
regression to determine the variance in the stretch sensor signals compared to the MOCAP
signals. The MATLAB script also computed the RMSE and MAE values to determine the
deviations and goodness of fit.
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5.5

Results:

5.5.1

Comparing BendLabs sensor performance to MOCAP:
Regression analysis was conducted to examine the relationship between the BendLabs

sensor and the MOCAP data. R-squared linear regression models were used to identify and
measure the goodness of fit for every trial. A table was created with the average R2, RMSE, and
MAE values for all the dynamic activities, to get an insight into the linear relationship between
the two datasets.
Table 5.1

Average R2, average RMSE, and average MAE value comparisons for radial/ ulnar
deviation and flexion/ extension for all dynamic activities.
Radial/ Ulnar Deviations

Flexion/ Extension
Sledgehammer

2

Average R
0.64

Average
RMSE
0.30

Average
MAE
0.25

Average
RMSE
0.33

Average
MAE
0.28

Average R2
0.59

Average
RMSE
0.33

Average
MAE
0.28

Average
RMSE
0.35

Average
MAE
0.29

Average
RMSE
0.35

Average
MAE
0.29

Average
RMSE
0.32

Average
MAE
0.27

Ballpeen Hammer
2

Average R
0.62

Average R2
0.60

Drill
2

Average R
0.58

Average
RMSE
0.36

Average R2

Average
MAE
0.31

0.56

Wire Crimper
2

Average R
0.62

Average
RMSE
0.29

Average R2

Average
MAE
0.25

0.57
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Figure 5.4

Box-and-whisker plot of R-squared results for BendLabs sensor; (A) R2 boxplot
results for wrist flexion/ extension, (B) R2 boxplot results for radial/ulnar wrist
deviations
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Table 5.2

Boxplot Summary for BendLabs sensor
R-Square Boxplot Summary

Min
Q1
Median
Q3
Max
Mean (X)

Min
Q1
Median
Q3
Max
Mean (X)

Sledgeh
ammer
3.53546
E-06
0.54
0.63
0.71
0.84
0.58

Ballpeen
Hammer
2.15823E
-05
0.58
0.62
0.67
0.76
0.58

Sledgeh
ammer
6.89077
E-06
0.50
0.60
0.64
0.74
0.54

Ballpeen
Hammer
5.48281E
-06
0.55
0.59
0.65
0.75
0.58

Drill
4.98352
E-08
0.50
0.58
0.62
0.72
0.52
Drill
6.59394
E-05
0.51
0.54
0.61
0.71
0.54

Wire
Crimper
3.73E06
0.59
0.61
0.65
0.71
0.59
Wire
Crimper
8.68E06
0.52
0.58
0.61
0.69
0.53

RMSE Boxplot Summary
Radial/Ulnar Deviation
Sledgeh Ballpeen Drill
Wire
ammer Hammer
Crimper
6.89077 5.48E-06 6.59E 8.68EE-06
-05
06
0.50
0.56
0.52
0.52
0.61
0.60
0.54
0.58
0.65
0.65
0.62
0.61
0.74
0.76
0.72
0.69
0.54
0.59
0.54
0.54
Flexion/ Extension
Sledgeh Ballpeen Drill Crimper
ammer Hammer
0.21
0.20
0.21
0.22
0.27
0.32
0.37
0.51
0.33

0.28
0.33
0.39
0.62
0.35

0.28
0.35
0.43
0.57
0.36

0.27
0.31
0.36
0.53
0.33

MAE Boxplot Summary
Sledgeh
ammer
0.15

Ballpeen
Hammer
0.20

Drill
0.16

Wire
Crimper
0.18

0.26
0.28
0.36
0.42
0.30

0.26
0.32
0.40
0.66
0.34

0.27
0.40
0.48
0.65
0.38

0.24
0.27
0.35
0.56
0.30

Sledgeh
ammer
0.17

Ballpeen
Hammer
0.15

Drill
0.15

Wire
Crimper
0.17

0.22
0.27
0.33
0.48
0.28

0.24
0.28
0.34
0.53
0.30

0.23
0.29
0.37
0.49
0.31

0.21
0.25
0.30
0.49
0.27

Table 5.3: Min= Minimum value on the boxplot; Q1 = Quartile 1, the median of the lower half of the dataset; Q3 = Quartile 3, the
median of the upper half of the data set; max= Maximum value on the boxplot.
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5.5.2

Comparing stretch sensor performance to MOCAP:
The average R2, RMSE, and MAE values for all the dynamic activities are summarized in

Table 5.4. The dataset has a few outliers, which have been included in the summary table,
helping understand the data variability.
Table 5.3

Average R2, RMSE, and MAE value comparisons for elbow flexion/ extension for
all dynamic activities.
Sledgehammer
Average R2
Without
Outliers
With Outliers

0.77

Average
RMSE
0.17

Average
MAE
0.14

0.72

0.19

0.16

Ball-peen Hammer
Average
Average R2
Without
Outliers
With Outliers

0.79

RMSE
0.16

Average
MAE
0.12

0.72

0.18

0.14

0.70

Average
RMSE
0.23

Average
MAE
0.19

0.66

0.23

0.19

Drill
Average R2
Without
Outliers
With Outliers

Wire Crimping
Average
Average R2
Without
Outliers
With outliers

0.78

RMSE
0.16

Average
MAE
0.14

0.71

0.18

0.15

Boxplot charts were used for explanatory data analysis, allowing to visually understand
the dispersion of the dataset and signs of skewness.
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Figure 5.5

Box-and-whisker plot results for stretch sensors while performing dynamic
activities; (A) R-squared boxplot, (B) RMSE value boxplot, (C) MAE value
boxplot
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Table 5.5 summarizes the R2 boxplot values, including the mean, median, lower quartile,
upper quartile, and minimum and maximum values.
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Table 5.4

Boxplot Summary Table for stretch sensors
R-square Boxplot Summary
Sledgehammer

Drill

RMSE Boxplot Summary
Sledgehammer

0.01

Wire
crimper
0.00

0.08

Ballpeen
hammer
0.04

Drill

MAE Boxplot Summary

Min

0.00

Ballpeen
hammer
0.00

Sledgehammer

0.11

Wire
crimper
0.07

0.06

Ballpeen
hammer
0.04

Drill
0.09

Wire
crimper
0.06

Q1

0.70

0.66

0.64

0.67

0.12

0.12

0.19

0.12

0.11

0.07

0.15

0.11

Median

0.78

0.78

0.70

0.78

0.19

0.18

0.25

0.17

0.16

0.12

0.20

0.14

Q3

0.82

0.87

0.75

0.85

0.23

0.23

0.27

0.22

0.18

0.19

0.25

0.19

Max

0.92

0.98

0.84

0.95

0.57

0.47

0.40

0.42

0.51

0.41

0.37

0.39

Mean
(X)

0.72

0.72

0.66

0.71

0.20

0.18

0.24

0.18

0.16

0.14

0.20

0.16

For Table 5.5: Min= Minimum value on the boxplot; Q1 = Quartile 1, the median of the lower half of the dataset; Q3 = Quartile 3, the
median of the upper half of the data set; max= Maximum value on the boxplot.
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5.6

Discussion:

5.6.1

Comparing BendLabs sensor with MOCAP:
The BendLabs sensing technology transfers the movements of the wrist to real-time joint

angle data, through the NSPARC developed an application for measuring the deviations and
flexion/extension of the wrist. The BendLabs bi-axial sensor was placed on the dorsal
dorsum of the hand to perform the range of motion study, in line with the middle metacarpal
of the third digit/middle finger. The BendLabs sensor had to be calibrated every time before
performing the experiments. The results for the BendLabs sensor can be divided into two
parts as follows:
•

Radial/ Ulnar Deviation
It can be seen from the boxplot summary table (Table 5.3) that the R-squared
values for radial/ulnar deviation have a maximum value of 0.84 (sledgehammer)
to a minimum value of 0.50 (drill). However, the median and the mean R-squared
values for all the ulnar/ deviation readings are less than 0.70, which is considered
the standard value for showing a high level of correlation. The average RMSE
value for the trials was as high as 0.36, and the average MAE values for the trial
were greater than 0.25 for all dynamic activities. Best accuracy was found for the
hammering activity using the sledgehammer.

•

Flexion/ Extension
The R-squared value for detecting the flexion/extension of the wrist had a
maximum of 0.75 (ballpeen hammer) and a minimum of 0.50 (sledgehammer).
Similar to ulnar/ radial deviation results, though the maximum value shows a
good correlation between the BendLabs sensor and the MOCAP, the mean and
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the median values for the flexion/extension movements are lesser than 0.65. The
average RMSE value for flexion/extension was as high as 0.36, and the average
MAE value showed a high of 0.30.
The hammering tasks involved the wrist following an oblique path, from
radial extension to ulnar flexion. The BendLabs sensor shows a high correlation
for the ulnar and radial deviation as compared to flexion/extension of the wrist.
These results can be attributed to small angles of flexion/ extension observed
during the hammering task. The hammering task is usually done in a “dart
throwers motion,” which involves more radial and ulnar deviation as compared to
flexion and extension of the wrist, thus explaining the high correlation for the
ulnar/radial deviation motions of the BendLabs sensor (Leventhal et al., 2010;
Palmer et al., 1985).
The wire crimping task involved awkward wrist positions for a short
period, multiple times. The wrist was highly ulnar deviated and extended when
the ratchet was open and radially deviated with a slight flexion when the ratchet
was closed. Most wrist motion occurred in the sagittal plane (ulnar and radial
deviation). The results achieved by plotting the box-and-whisker plot show that
the maximum correlation value for the crimping task is greater than 0.7, which
shows a good correlation between the BendLabs and the MOCAP sensors.
The drilling task involved drilling the lumber piece clamped to the
sawhorse on a horizontal plane. The wrist position for drilling activity is complex
and involves wrist ulnar deviation and flexion in simultaneity. Data in Table 5.2
indicated a very low average R2 value for the wrist motions involved in the
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drilling task. The average RMSE and MAE values for the drilling activity were
also high compared to the rest of the activities. The results obtained from the
correlation studies of the BendLabs and MOCAP sensor suggest a good
correlation when capturing the data for radial and ulnar deviations occurring in
the sagittal plane compared to the flexion and extension of the wrist happening in
the frontal plane. One of the reasons for a moderate correlation of flexion/
extension movements as compared to the ulnar/ radial deviation movements of the
wrist can be the tasks selected for evaluating the wrist motion, as they did not
involve much flexion and extension of the wrist and had a high amount of
radial/ulnar deviation.
5.6.2

Comparing StretchSense stretch sensors with MOCAP:
The validation study aimed to compare the StretchSense stretch sensor performance

against the traditional motion capture system, which is very expensive and allows for data
collection only in a lab environment. While prior validation studies have used the stretch sensors
to be validated at the knee and ankle joints, the validation of stretch sensors at the elbow joint to
study the elbow kinematics remains unexplored. An elbow brace, described in chapter IV, was
designed by the MSU Athlete engineering team, allowing the placement of the stretch sensor at
the elbow while performing industrial tasks to measure the elbow kinematics.
Statistical analysis metrics were used to understand the sensor behavior and identify the
accuracy of stretch sensor performances for individual dynamic activities. The results were
inclusive of the outliers to understand the data spread better. The results for individual dynamic
activities have been discussed below.
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Task 1: Hammering
Sledgehammer:
The average R2 value observed for 36 trials was 0.72, with an average RMSE
= 0.198 and MAE = 0.163. Fifty percent of the R2 values were observed between
0.70 to 0.82, with a positive skewed median value of 0.7869. A maximum R2
value of 0.924 was observed for one of the trials meaning that almost all the
values of the stretch sensor correlated to the motion capture system, indicating a
good statistical measure. However, multiple trials had an R2 value below 0.7,
adding to the variability of the response data.
Ball-peen Hammer:
The ballpeen hammer results were quite similar to the sledgehammer results,
as they involve the elbow's same flexion/extension motions. The average R2 value
for the 36 trials, inclusive of the outliers, was 0.72, with an average RMSE =
0.181 and an average MAE = 0.141. The data spread, i.e., the interquartile range
across the box plot shows that 50% of the trial had an R2 value ranging between
0.66 and 0.87 with a positively skewed median, depicting high variability in the
sensor performance.
The hammering task involved a limited range of elbow motion, and the
participants extended their elbows to the height of the lumber piece. Since the
range of elbow motions was limited to the sawhorses’ height, there was not
enough deformation in the stretch sensor, which can affect the sensor correlations
to MOCAP.
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Task 2: Drilling
The average R2 value for the drilling task showed a good correlation
strength of 0.70, with an average RMSE and MAE score of 0.23 and 0.19. The
drilling activity involved complex wrist and elbow motion with the elbow
extended and forearm pronated. A good correlation was observed for the stretch
sensor with a high R2 value of 0.84. However, minimum R2 values of as low as
0.65 were observed for the given task. Some of the reasons for a lower correlation
can be that the participant continued drilling the lumber piece in an extended arm
position rather than getting it to the neutral position and then extending their arms
again. This hand and arm motion might have led to a lack of deformation in the
sensors causing a less tensile strain.

Task 3: Wire Crimping
The wire crimping activity showed a good correlation comparing the elbow
movements with the MOCAP with a high R2 value of 0.95 and a median value of 0.78,
with a lower RMSE and MAE values of 0.18 and 0.15, respectively. The crimping task
had one of the highest elbow ranges of motion, causing large deformation in the stretch
sensor, thereby increasing the capacitance of the stretch sensor linearly with the strain.
Wire crimping has been associated with physically strenuous work leading to MSDs such as
lateral epicondylitis in the elbow. Similarly, twisting or extension of the arm related to repetitive
or frequent work activities like drilling and hammering lead to tendon injuries (Kroemer, 1997).
The experiment's findings indicate that the stretch sensor demonstrated a good R2 value and low
RMSE and MAE values for the activities involving and limited to elbow flexion and extension
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motions. Due to their portability and ease of use, stretch sensors can be considered a viable
option for measuring the elbow range of motion.
5.7

Limitation and Future Scope:
The wrist has a complex motion and plays a vital role in the action of the hand. Designing

a comfortable, portable, and accurate wrist motion capture system can be challenging. The
BendLabs sensor had a few limitations – (1) the sensor required continuous need for calibration
and re-adjustment to the absolute position; (2) the BendLabs sensor stackable BLE module was
disconnected several times in between the trials, following which the trial had to be redone.
While analyzing the wrist motions using BendLabs biaxial sensors, it was observed that
the BendLabs sensor captured the wrist motion for the ulnar and radial deviations of the wrist
with better accuracy compared to the flexion-extension movements. One of the reasons for a
reduced accuracy in capturing the flexion/ extension motion of the wrist can be the type of
activity chosen for sensor evaluation. The current dynamic activities chosen for evaluating the
wrist motion comprised much of radial/ ulnar deviations compared to flexion/ extension of the
wrist. Further improvement to the experiment may involve estimating wrist motions by
performing activities that comprise more wrist flexion/ extension to evaluate the wrist spatial
movement detection intuitively. Also, to better check the accuracy of the BendLabs sensor, wrist
joint range of motions should be evaluated in isolated directions, which would help provide
better insight into the BendLabs sensor motion detection.
For the second part of the study comparing stretch sensors to the MOCAP system, the
stretch sensors accurately measured the flexion/ extension movements of the elbow. One of the
study's limitations was positioning the stretch sensors at the bony elbow landmarks, i.e.,
positioning the stretch sensor precisely midway such that half of the stretch sensor covered the
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dorsal forearm while the rest covered the upper arm. There were instances where the stretch
sensor slacked towards the sides while performing the dynamic activities. A better design of an
elbow brace for positioning and anchoring the stretch sensor can help mitigate the limitation.
Another limitation faced during the study was respective to the elbow motion. The drilling
activity required the elbow to be pronated alongside being flexed. Further research should focus
on integrating more sensors at the elbow to study the elbow coupling motions.
It has been observed that the capacitive stretch sensors, though they have shown reliable
measures to be considered for the real-world application, require more significant deformations
to provide better capacitive output, i.e., better results. Porte et al. (2021) demonstrated that
repeated stretching of the sensors helps decrease the sensor resistance. Lowering the sensor
resistance helps increase the frequency at which the capacitance changes and the strain is
measured, increasing the sensor conductivity. The research team strain cycled the sensor at least
500 times to a maximum deformation of 80mm at a rate of 60 rpm using a custom cyclic tester
(Porte et al., 2021). Thus, in the future, pre-stretching the sensor might help reduce the sensor
resistance, allowing for better accuracy during tasks having a lower elbow range of motion.
5.8

Conclusion:
The objective of this study was to quantify elbow and wrist kinematics using the stretch

sensor and the BendLabs sensors. The experimental approach described in the study provides
non-invasive measures of estimating elbow motion during dynamic activities. The advantage of
using the stretch sensors in capturing elbow kinematics lies in their ease of handling, with the
stretch sensor being attached to the posterior of the elbow brace. The stretch sensors estimated
the elbow movements with reasonable accuracy. However, it must be supported with reliable
algorithms and protocols to increase its accuracy in estimating the elbow dynamics.
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The human wrist plays a vital role in daily living activities with complex motions. Thus,
challenging the designing of the portable and accurate motion capture system. Though the
BendLabs sensors were capable of obtaining a low MAE in the wrist angle measurements for
several trials, the overall average performance of the BendLabs sensors lacked the accuracy of
measuring the wrist kinematics, thereby limiting the BendLabs sensor use for dynamic
approaches. However, a great possibility can be exploited in different applications that require
the human body to be positioned in a static position and perform isolated tasks or movements.
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CHAPTER II
CONCLUSION
The study investigated a cost-effective system for measuring hand-handle interface forces
imposed by the hand on a handle under static and dynamic conditions and its feasibility for
application to hand-held powered/ non-powered tools. The system can be used to identify and
examine forces and pressures felt by each finger, the thumb, and palm, for improving product
design or optimizing employee performance. The present study is first-of-a-kind using
StretchSense compression sensors directly being affixed to the tool's handle to measure the
pressure distribution at the hand-handle interface. The compression sensors can be conveniently
applied to the curved surfaces of the real power tool handles in the field to measure handgrip
forces. The study helped understand the distribution of localized pressure peaks and resultant
contact forces over the hand surface area through measurements performed under various handgrip
forces. A synergistic relationship between wrist and forearm motion and grip strength is arguably
one of the essential aspects of hand function. Alongside measuring grip forces, the BendLabs
sensor aided measuring the wrist's movement and bending in multiple axes. The elbow's stretch
sensor aided in investigating elbow motions involved in the dynamic activities.
The proposed grip force measurement system was tested at the institutional level. The
future scope on testing the methods can include measuring the hand-grip pressures of real-time
industrial workers in an industry setting. A further in-depth analysis of an industrial workers’
dynamic grip strength during wrist and forearm movements using the proposed system may
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improve the understanding of hand function and provide more pertinent guidelines for assessing
functional grip and designing ergonomically sound work tools and workstations. The proposed
system can also be used in analyzing human hold on various sports equipment.
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